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GENERAL INTRODUCTION 
 
Azollaceae  
Azollaceae are floating fresh water ferns belonging to the division of 
Pteridophyta. They are monoecious plants that possess microspores (sperm 
cells) clumped together in massulae (Fig. 1A), and megaspores (egg cells). 
The structures in which either the megaspores or massulae are produced are 
called sporocarps, which are visible at the first lower leaf lobe of a 
sporophyte (spore-producing phase in the life cycle of lower plants) (Fig. 
1B). Apart from leaf trichomes (hair cells or leaf hairs derived from 
specialized epidermal cells on leaf or stem surfaces) and root anatomy, 
vegetative features provide little assistance in taxonomic separation of the 
species due to strong morphologic resemblances. Therefore taxonomy 
within the Azolla genus is mainly based on their sexual reproductive 
structures. It focuses on the way the sporocarps are grouped and on the 
characteristics of the spores. However, the taxonomy has been, and still is, 
subject to much debate. This has been nicely summarized by Pereira et al. 
(2011) in the introduction of their article describing the morphological and 
genetic diversity of the Azollaceae family. Nevertheless, there are currently 
generally seven extant Azolla species that have been accepted. These are 
Azolla nilotica Decne. ex Mett, Azolla pinnata R. Br., Azolla caroliniana 
Willd., Azolla mexicana Presl., A. microphylla Kaulf., Azolla rubra R.Br. 
and Azolla filiculoides Lam.. 
 
 
Figure 1 (A) Confocal laser scanning microscopic image of massulae A. filiculoides with 
glochidia, which are the arrow like projections sticking out of the massulae (Liesbeth 
Pierson, Luuk Masslink and Monique van Kempen, General Instruments department, 
FNWI, Radboud University Nijmegen, The Netherlands). (B) Picture of A. filiculoides 
carrying three sporocarps. 
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Distribution and occurrences of extant Azolla species 
Azolla spp. occur globally (Fig. 2) in quiet freshwater shallow lakes, 
ponds, ditches and canals, but also in rice paddies. Azollaceae have proven 
to be able to become highly invasive outside their original geographical 
range. Originally the various Azolla spp. were endemic in the following 
areas: A. caroliniana in the eastern United States and the west Indies; A. 
filiculoides from Alaska to the southernmost part of South America; A. 
mexicana from the west coast of the United States into Mexico and Central 
America; A. microphylla from tropical and sub-tropical zones of the 
American continent; A. nilotica in the Nile basin; A. pinnata in tropical 
Africa, southern Africa and Madagascar (Moore, 1969; Carrapiço et al., 
2000). However, apart from water movement and dispersal by waterfowl, 
man has widely distributed the species both deliberately and accidentally 
across the globe where in most regions it is now considered a noxious 
exotic weed.  
 
 
Although Azolla stands are often unwanted in natural waters because 
they complete cover the water surface and thereby greatly reduce aquatic 
biodiversity, the genus is welcomed for its applications as a green fertilizer 
in paddy fields as it is able to fix atmospheric dinitrogen (N2) by its 
Figure 2 General impression of present day Azolla spp. distribution. This image was 
drawn from www.discoverlife.org using the global mapper (August 8, 2013). It only 
contains biodiversity occurrences data published by universities, research facilities, 
herbaria and botanical gardens. In practise Azolla spp. are probably more broadly 
distributed. Discoverlife.com considers A. filiculoides and A. rubra as one species which 
are represented by the red dots. A. caroliniana, A mexicana, A. pinnata, A. microphylla 
and A. nilotica are represented by the yellow, green, light blue, dark blue and lilac dots 
respective. Note that sometimes dots overlap, for example, A. filiculoides also occurs in 
the Netherlands. 
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symbiotic cyanobacteria Anabaena Azollae (Fig. 3A, B) (Peters & Mayne, 
1974a, b), and also is a strong phosphorus accumulator (Lumpkin & 
Plucknett, 1982). Furthermore, it is widely being applied as a 
phytoremediation tool for contaminated surface waters and waste waters, 
for the production of bio-gas and animal food, and as a mean to reduce the 
reproductive success of mosquitos (Moore, 1969; Wagner, 1997; Van Hove 
& Lejeune, 2002). It is mainly in the context of these valuable applications 
that the species has been so widely distributed by man. 
 
Environmental conditions controlling Azolla growth 
Though different Azolla spp. show notorious resemblances, both 
between and within species there is disparity in appearances and responses 
to various environmental factors. Although generally there is always one 
factor most limiting for growth, it is usually the interacting effects of 
different environmental factors that determine Azolla proliferation.  
 
Salinity 
Present day Azolla spp. are only known from freshwater environments. 
Growth responses of Azolla spp. in relation to salt stress, however, have 
been studied in considerable detail, mainly for subtropical and tropical 
species and strains. The interest in this topic largely originates from the fact 
that the utilization of Azolla in agricultural paddy fields is increasingly 
affected by salinization, particularly in arid and semi-arid regions where 
irrigation is a contributory factor. The salt resistance limit of Azolla spp. 
Figure 3 (A) Confocal laser scanning microscopic image (overlap) of A. Azollae (red) 
inside the leaf cavity of A. filiculoides. (B) Light microscopic image of A. Azollae. The 
bigger cells in the chains are called heterocysts, which are the site of N2 fixation (both 
images were taken by Liesbeth Pierson, Luuk Masslink and Monique van Kempen, 
General Instruments Department, FNWI, Radboud University Nijmegen, The 
Netherlands). 
B A 
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roughly varies between 40 mM and 220 mM salt (Haller et al., 1974; Deng-
hui et al., 1985; Johnson, 1986; Rai & Rai, 1999; Arora & Singh, 2003; 
Masood et al., 2006; Rai et al., 2006). It has been shown that in the lower 
ranges salt tolerance can be increased by pre-incubation at non-lethal salt 
concentrations (Rai et al., 2001; Rai & Rai, 2003; Abraham & Dhar, 2010). 
Next to differences among phenotypes and ecotypes of Azolla (Johnson, 
1986), differences in experimental design (i.e. the use of sodium chloride 
(NaCl) as opposed to sea salt, or additional calcium (Ca) supply) (Grattan 
& Grieve, 1992; Marschner, 1995; Munns & Tester, 2008) might explain 
the considerable variation that has been found in salinity tolerance of the 
species.  
 
Atmospheric carbon dioxide concentrations 
Azolla is likely to utilize only atmospheric carbon dioxide (CO2) in its 
photosynthesis given its floating habit. Indeed, preliminary results showed 
that plant tissue did not become enriched in 13C (carbon) when Azolla was 
grown in a solution containing labelled bicarbonate (H13CO32-) and where 
different solution pH determined the relative concentration of CO2 
(Verbaarschot & van Kempen, unpubl. results). Despite the fact that Azolla 
and its symbiont both are capable of photosynthesis (Ray et al. 1979) the 
fern provides the fixed carbon (mostly sucrose) to the association, while the 
cyanobacterial symbiont provides fixed N (NH4+) (Peters & Mayne, 1974a, 
b). Like most plants, Azolla spp. display C3 photosynthesis (Ray et al., 
1979) and may be expected to increase their growth rates at higher 
atmospheric CO2 concentrations, unlike C4 plants.  
 
Light 
The effect of light intensity on Azolla growth rates is highly dependent 
on other environmental factors, of which day length, temperature and 
nutrient availability seem to be the most important (Tung & Shen, 1981; 
Wagner, 1997). Due to the interacting effects of these environmental 
factors and the fact that light saturation in Azolla photosynthesis occurs at a 
relatively low level of 375 W m-2 (~1590 µmol m-2 s-1 photosynthetic active 
radiation (PAR)) (Lumpkin & Plucknett, 1980) growth of Azolla spp. is 
usually reduced in full sunlight (Wagner, 1997). When exposed to bright 
sunlight most species of Azolla display a red coloration due to an 
accumulation of anthocyanins, whereas under shaded conditions they 
usually are green. Anthocyanins are phenolic compounds that are produced 
by the plants to protect their photosynthetic apparatus and may also be 
produced in response to various other stresses such as temperature extremes 
or nutrient depletion (Moore, 1969; Lumpkin & Plucknett, 1980; Wagner, 
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1997). The negative effect of high light intensities may be caused by a 
relatively higher contribution of blue light to the total radiation sum, which 
may not only enhance photorespiration in Azolla (by accumulation of O2 in 
the leaves which decreases photosynthetic efficiency) but may additionally 
exert an inhibitory effect on the nitrogenase activity of the symbiotic 
cyanobacteria A. Azollae (Bar et al., 1991). It is very likely that at low 
latitudes growth of Azolla spp. is much less inhibited by high light 
intensities during summer than at higher latitudes due to differences in day 
lengths which at low latitudes are usually shorter during summer than at 
high latitudes. 
 
Temperature 
Temperature generally correlates strongly with light intensity in natural 
environments and is one of the most important factors affecting Azolla 
growth rates. Air temperature generally is more important during winter, 
while water temperature is more important in summer as in summer the 
water temperature usually is 2-3 °C higher than the air temperature. 
Generally, the optimal temperature range for Azolla spp. is believed to lie 
between 18 °C and 28 °C. However, Azolla spp., including their many 
different ecotypes, may differ in their tolerances to temperature extremes. 
A. filiculoides and A. rubra generally are quit tolerant to low temperatures 
while A. mexicana, A. microphylla, A. caroliniana and certain strains of A. 
pinnata are tolerant to relatively high temperatures (Watanabe & Berja, 
1983; Wagner, 1997; Janes, 1998a, b; Uheda et al., 1999). In addition, 
temperate Azolla strains may be more tolerant to low temperatures and less 
tolerant to high temperatures, while the opposite may be true for subtropical 
and tropical strains. Temperatures at which maximum primary productivity 
is obtained by Azolla usually are substantially higher than temperatures at 
which Azolla spp. may reach their maximum biomass density, as has been 
shown for A. caroliniana (Debusk & Reddy, 1987). This means that 
crowding may lower the tolerance of Azolla to high temperature extremes. 
In addition, the effect of temperature on plant growth seems to be 
influenced by light, both its intensity and duration (Cary & Weerts, 1992).  
 
Humidity 
Humidity generally correlates with temperature but also highly 
dependents on geographically defined climatic influences. There are only 
few authors that describe Azolla growth rates in relation to humidity. 
Nevertheless, optimum relative humidity for Azolla is generally believed to 
be about 85-90 %. It has been observed that at higher humidities Azolla 
often becomes more susceptible to insect and fungal attacks, whereas below 
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<60 % humidity the plants generally become dry and fragile (Wagner, 
1997).  
 
Nutrient availability 
Phosphorus 
Azolla growth rates are most often limited by phosphorus (P) availability 
(Lumpkin & Plucknett, 1980, 1982). It has been shown that high P 
concentrations of over 75 µmol L-1 may still stimulate Azolla growth (Tung 
& Watanabe, 1983; Sah et al., 1989; Cary & Weerts, 1992). P demand of 
Azolla depends on its growth rate and its tissue P concentration. At high 
growth rates and relatively insufficient P supply P concentrations in the 
plant tissue may dilute down to the point where they become limiting (~0.2 
% of the dry weight) for growth. On the other hand, when Azolla growth is 
limited by another environmental factor at relatively abundant P supply, the 
plants may accumulate P up to 1.6 % of their dry weight (Lumpkin & 
Plucknett, 1982). Such nutrient dynamics, where elements are diluted or 
accumulated, may also occur for other essential minerals. In conditions 
where P concentrations are sufficiently high to sustain Azolla growth, the 
plants may efficiently allocate P to new tissues and grow extremely fast.  
 
Nitrogen 
Nitrogen (N) is provided to Azolla by its symbiotic cyanobacteria 
Anabaena Azollae. Activity of nitrogenase (the key enzyme for N2 fixation) 
occurs in the heterocyst cells of A. Azollae, which may account for 50 % of 
the total cell number of the cyanobacterial symbiont (Ray et al., 1979). 
Although Azolla is thought to receive sufficient N from its symbiosis with 
A. Azollae, it is known that an external supply of nitrogen may increase the 
growth rate of the association (Cary & Weerts, 1992).  N can be taken up 
by Azolla itself whenever nitrate (NO3-) or ammonium (NH4+) is available 
in the surface water. It is known that the presence of a N source in the water 
may decrease N2 fixation by A. Azollae to varying degrees depending on the 
Azolla–Anabaena association species and/or ecotype, the form and 
concentration of the N source, and the period of growth in the N containing 
solution (Ito & Watanabe, 1981; Okoronkwo et al., 1989; Sah et al., 1989; 
Maejima et al., 2001). Generally N2 fixation is less inhibited by NO3- than 
by NH4+ (Ito & Watanabe, 1981; Sah et al., 1989), which probably also 
results from the fact that NH4+ generally is preferentially used by plants 
above NO3-.  
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Other nutrients and pH 
Azolla is not different from other plants in its demand for other essential 
macro and micro mineral elements, except that Azolla spp., next to their 
exceptionally high demand for P, generally require relatively more iron 
(Fe), molybdenum (Mo) and cobalt (Co) as these micronutrients play vital 
roles in the growth and nitrogenase activity of the cyanobacterial symbiont 
(Moore, 1969 and references therein). In addition, there are some mineral 
elements that may enhance the growth rates of Azolla under given condition 
as their relative abundance may regulate the uptake of other elements. For 
example, when calcium (Ca) concentrations in the surface water are 
relatively low, Azolla may accumulate more aluminium (Al) and hence be 
more susceptible to Al toxicity than when it is grown in surface waters with 
equally high Al concentrations but with higher Ca concentrations (Weidner 
& van Kempen,. unpubl. results). Such beneficial effects of Ca have also 
been shown in experimental research to salt stress where its presence 
decreased the uptake sodium (Na) (Marschner, 1995).  
Water pH seems to affect Azolla growth according to a comparable 
principle where the relative abundance of hydrogen ions (H+) affects the 
uptake of for example P (Leering & van Kempen, unpubl. results). In 
addition, solution pH affects the solubility of nutrients in the surface water, 
for example of Fe. It has been recognized that Azolla spp. generally grow 
best at pH values varying between 5 and 7 (Wagner, 1997). 
 
Azolla filiculoides in the Netherlands  
A. filiculoides is the northernmost occurring Azolla spp. (Lumpkin & 
Plucknett, 1980). In the Netherlands (Fig. 4A-F) it mostly occurs in the 
western parts of the country where the maritime climate tempers winter 
temperatures and enhances it vegetative survival during the cold season. 
However, as a result of climate change, it is increasingly expanding its 
distribution eastward. A. filiculoides usually is most abundant at the end of 
summer and in autumn but its abundance may strongly differ from year to 
year which may partially be explained by variations in temperature, relative 
humidity and solar radiation.  
A. filiculoides mainly occurs in agricultural ditches, canals, ponds and 
water reservoirs that are affected by either external or internal 
eutrophication and as a result show relatively high P availability 
(Bloemendaal & Roelofs, 1988). N is often the most limiting nutrient for 
biomass production in such systems, which therefore offer a competitive 
advantage to those plants and cyanobacteria that like the Azolla - Anabaena 
symbiosis, are able to fix N2 from the atmosphere to meet their N demand.  
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Azolla is only able to utilize the dissolved inorganic P from the surface 
water of which the concentration may actually become very low due to 
Azolla proliferation (Table 1). In ecosystems where external eutrophication 
is relatively low, Azolla growth may become limited by the release of P 
from the sediment. In open waters this often is too slow to meet its 
requirements, but the presence of a dense Azolla cover usually significantly 
lowers the surface water oxygen (O2) concentrations (Pokorny & 
Rejmankova, 1983), which in turn may enhance P release from the 
sediment due to the microbial reduction of Fe and concomitant dissociation 
of Fe-P bounds (Smolders et al. 2006) (Table 1). As sulphide (S) may also 
be involved in the mobilisation of P, the ratio between the total Fe and total 
S concentrations in the soil pore water is also an important ratio. This ratio 
indicates how much Fe is still capable to bind P. In reductive soils with a 
ratio lower than 0.5, the P and S concentrations in the soil pore water may 
become very high causing their mobilisation the the water layer. In 
ecosystems where sediments are loaded with P, and the risk of such internal 
eutrophication is high, Azolla may become very abundant, especially in 
shallow water bodies where there is relatively little dilution of the P 
mobilized. When environmental conditions are near optimal, Azolla may 
vegetatively double its biomass in two to three days and form thick mats. 
Figure 4 (A) Distribution of A. filiculoides in the Netherlands. This image was drawn from 
www.discoverlife.org using the global mapper (August 8, 2013). It contains occurrences 
data published mainly by floral databases, herbaria, museums and waterboards and by the 
Dutch foundation for applied water research (STOWA). (B-F) Pictures of natural              
A. filiculoides stands in the Netherlands taken nearby Indoornik, Portengen, Bodegrave, 
Woerdense Verlaat and Heteren respectively. 
A B C 
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Although other floating plant species such as Lemna, Pistia, Salvinia, 
Trapa, Wolffia and submerged species such as Cerathophyllum, Ludwigia, 
Neptunia and Polygonum sometimes co-occur (Carrapiço et al., 2000), 
Azolla usually causes a significant biodiversity loss as at very high densities 
it competes heterospecific for light and nutrients and reduces oxygen 
concentrations in the surface water thereby also negatively affecting the 
underwater fauna.  
 
Table 1 Minimum, median, maximum and percentile dissolved inorganic P concentrations 
(µmol L-1) in surface water and soil pore water samples taken during late summer/ early 
fall at 45 different locations in the Netherlands where natural stands of A. filiculoides 
occur. 
 Surface water Soil pore water 
Ortho P Ortho P (Fe-S)/P 
Minimum 0.3 2.7 -3.6 
5 Percentile 0.4 4.8 -2.2 
10 Percentile 0.6 9.7 -1.1 
25 Percentile 0.9 28.0 -0.7 
Median 3.6 54.5 1.1 
75 Percentile 7.8 85.5 2.3 
90 Percentile 27.0 124.1 5.8 
95 Percentile 34.9 151.1 12.3 
Maximum 44.9 283.7 21.5 
 
Atmospheric carbon dioxide concentrations and climate change 
Changes in atmospheric CO2 concentrations are commonly regarded as 
forcing mechanism of global climate on geological time scales because of 
the large and predictable effect of atmospheric CO2 concentrations on 
temperature (e.g. Pearson & Palmer, 2000; Zachos et al., 2008). Since the 
Industrial Revolution atmospheric CO2 concentrations have increased from 
280 volume parts per million (ppm) to concentrations of 400 ppm at 
present. The concomitant mean global temperature rise since the beginning 
of the 19th century amounts to 0.8 °C on average, of which approximately 
0.5 °C in the recent three decades. Future climate change scenarios consider 
various contributions of anthropogenic greenhouse gas emissions based on 
assumptions about future courses of economic development, demography 
and technological changes. Yet, they all predict a further global temperature 
rise, possibly accompanied by an intensification of rainfall events 
alternating with prolonged periods of droughts, for the end of the 21st 
century (IPCC, 2007).  
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Throughout the geological record fluctuating atmospheric CO2 
concentrations have been shown to coincide with alternations of glacial and 
interglacial periods (e.g. Zachos et al., 2001). The geological record 
consists of depositions resulting from volcanism or from sedimentation of 
weathered detritus and includes the fossil remains of a suite of organisms. 
Such depositions are attained by drilling cores in marine or terrestrial 
settings and contain a number of proxies that may be used to relate 
biological, physical and/or chemical variables in the depositions to various 
environmental parameters. The exact relations between the biological, 
physical and/or chemical variables and environmental parameters are 
determined in actuo- (or neo-) biological experimental research. For 
example, atmospheric CO2 enrichment experiments with extant plant 
species may be conducted to estimate the primary productivity of their 
ancient relatives to assess their growth in past climates. As such, studying 
the geological record, in combination with actuobiological experimental 
research, improves our understanding of paleoenvironmental changes and 
related past climate changes and intrinsically may provide valuable 
information about prospects to future global warming.  
 
The Arctic coring expedition 
In order to better understand the processes involved in climate change at 
the northern hemisphere sediment cores were drilled in the central Arctic 
Ocean at the Lomonosov Ridge during an Arctic Coring Expedition 
(ACEX; or Integrated Ocean Drilling Program, IODP, Expedition 302) in 
2004. The Lomonosov Ridge is a fragment of continental crust that rifted 
from the Eurasian continental margin around the late Paleocene (Vogt et 
al., 1979). In sediment layers that were deposited during the early middle 
Eocene (~ 48.7±0.4 million years ago (Mya)) high abundances of fossils 
spores of Azolla were found (Brinkhuis et al., 2006). Occurrences of Azolla 
remains had been recognized before in mid Eocene marine sediments from 
commercial oil and gas exploration wells across different Nordic Sea 
locations (Bujak & Mudge, 1994; Eldrett et al., 2004). Although Azolla 
remains have been documented from the mid to late Cretaceous onwards 
scientific focus thus far had only been on fossil plant and fossil spore 
appearances in sediment deposits associated with freshwater settings 
(Collinson, 2001; Collinson, 2002). However, when in the ACEX cores the 
co-occurrence of different life stages and reproductive parts of Azolla and 
the absence of land plant detritus strongly indicated that Azolla grew and 
reproduced in situ in the central Arctic Ocean for almost a million years 
attention was drawn to the paleoecological and oceanographical 
implications of this Azolla phenomenon (Brinkhuis et al., 2006).  
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The middle Eocene Arctic environment  
During the early middle Eocene the Arctic Ocean was fairly isolated 
(Fig. 5). The shallow epicontinental water connections between the Arctic 
Ocean and the Tethyan Ocean, through a system of straits and the Turan 
and West Siberian inland seas, probably had just weakened (Akhmetiev et 
al., 2012). In addition, water exchange between the Arctic Ocean and 
global oceans via the Norway-Greenland seaway was limited and probably 
restricted deep water ventilation and surface water exchange (Jakobsson et 
al., 2007). It has been found that the Arctic basin occasionally suffered 
from bottom water anoxia and euxinic conditions (Stein et al., 2006; Knies 
et al., 2008; Onodera et al., 2008) and it has been suggested that these may 
be linked to combinations of various transgressions (Gleason et al., 2009).  
Analyses of proxies in the ACEX cores generated information about 
paleoenvironmental changes in the Arctic region over the past 57 million 
years (My) (Backman & Moran, 2009). Though estimates based on 
different proxies have been shown to vary as much as between 0.5 to 12 
times preindustrial values (Pearson & Palmer, 2000; Royer et al., 2001; 
Yapp, 2004;) atmospheric CO2 concentrations are assumed to have reached 
over 2000 volume parts per million (ppm) during the early Eocene (Pearson 
& Palmer, 2000) which is 5 times higher than the current concentration. 
Concomitantly, the early middle Eocene was characterized by warm global 
temperatures (Zachos et al., 2008). For the high Arctic mean annual 
temperatures are estimated to have varied between 8.2 and 15 °C, with 
maxima around 25 °C and minima no lower than -1 °C (Eberle & 
Greenwood, 2012). These estimates have been made based on fossil plant 
and animal assemblages from the Canadian High Arctic which sketch the 
image of a landscape dominated by forest and swamps (Eberle & 
Greenwood, 2012), including coastal rainforests (Greenwood et al., 2010).  
Indeed, there are strong indications that the Eocene high Arctic was not 
only warm but also very humid (Jahren & Sternberg, 2003; Eldrett et al., 
2009; Greenwood et al. 2010), with marked seasonality probably also 
related to the alternating periods of continuous sunlight, twilight, and 
darkness (Francis, 1988; Eberle & Greenwood, 2012). Based on modern 
hydrological and fully coupled paleoclimate model simulations, it has been 
suggested that the warm greenhouse conditions characteristic of the Eocene 
induced an intensified hydrological cycle with precipitation exceeding 
evaporation at high latitudes (Huber et al., 2003; Speelman et al., 2010). 
The subsequent considerable discharge of freshwater into the enclosed 
Arctic basin (Eldrett et al., 2009; Greenwood et al., 2010) very probably 
contributed to the significant surface water freshening that was found for 
the Eocene Arctic Ocean (Gleason et al., 2007; Stickley et al., 2008; 
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Waddell & Moore, 2008) and adjacent Nordic seas (Zacke et al., 2009). 
The proposed fresh water lens on top of more saline deep ocean water 
layers might have been a prerequisite for the then massive coeval blooms at 
the northern hemisphere of Azolla arctica, Azolla jutlandica, Azolla nova, 
Azolla nuda and Azolla astroborealis (Collinson et al., 2009; Collinson et 
al., 2010; van der Burgh et al., 2013) (Fig. 5).  
Although the total amount of carbon buried in the Arctic during the 
Azolla interval is relatively limited, and no vegetative Azolla material was 
found in the ACEX cores, Azolla spore abundances were found to vary 
between 50 000 and 300 000 spores/g dry sediment, displaying the intensity 
of its growth (Brinkhuis et al., 2006). The Azolla spore abundances were 
found to co-vary with physical parameters such as sediment density and the 
total organic carbon content in the ACEX cores (Brinkhuis et al., 2006; 
Speelman et al., 2009b). Its growth appeared to have changed periodically 
Figure 5 Paleooceanographic reconstruction of the early middle Eocene (~49 Mya) Arctic 
region showing locations where fossil Azolla spp. were found in Eocene deposits 
indicating their simultaneous growth not only in the Arctic but also in adjacent Nordic 
Seas (modified from Barke et al., 2012 and van der Burgh et al., 2013). 
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following obliquity cycles (Barke et al., 2011). Obliquity cycles describe 
the axial tilt of the Earth relative to the sun and take approximately 41 000 
years. Together with axial precession and eccentricity cycles (see Zachos et 
al., 2001 for a very nice illustrative picture) they are known to affect 
seasonality through insolation and therewith atmospheric heat transport and 
precipitation dynamics (Milankovitch, 1941; Zachos et al., 2001). 
 
The potential role of Azolla in climate change 
As the Eocene Azolla interval coincided with declining atmospheric CO2 
concentrations and the earliest signs of a climatic shift from greenhouse to 
icehouse (Pearson & Palmer, 2000; Zachos et al., 2001; Pagani et al., 2005; 
Tripati et al., 2005) it has been suggested that the massive growth of Azolla, 
and its burial in euxinic deep ocean water layers contributed to the climate 
change by creating a significant biological sink for atmospheric CO2 
(Brinkhuis et al., 2006; Speelman et al., 2009b). 
 
Outline of this thesis 
This thesis is part of a multi-disciplinary research project, which is 
entitled the DARWIN Azolla project. The overarching goal of this project 
was to provide the necessary information constraining the potential role of 
Azolla as a moderator of nutrient cycles and if and how that role, in 
combination with the geological and oceanographical evolution of the 
Arctic Ocean, could have been instrumental in the context of Earth’s 
greenhouse to icehouse transition. This thesis assessed the possible 
environmental conditions during the middle Eocene Azolla interval by 
conducting actuobiological experimental research on the eco-physiological 
boundary conditions of extant A. filiculoides, a species adapted to temperate 
climates. The aim was to constrain the following hypotheses: 
 
(1) The presence of the freshwater fern Azolla, both in the early middle 
Eocene Arctic Basin and adjacent Nordic Seas suggests that ocean and sea 
surface waters were fresh enough to allow its growth, or that Azolla at least 
possessed some degree of salinity tolerance. 
(2) The massive growth of Azolla in the Eocene Arctic required a sustained 
supply of dissolved inorganic phosphorus from riverine and or sediment 
sources. 
(3) Interacting effects of atmospheric CO2 concentration and climatic 
variables such as temperature and light intensity contributed to the 
widespread occurrences of fast growing Azolla spp. in the Arctic Ocean and 
adjacent Nordic Seas. 
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4) Azolla acted as a moderator of nutrient cycles and contributed to the 
Eocene climate change towards the modern icehouse. 
 
Therefore, in chapter 2 we studied the growth responses of the Azolla 
filiculoides Stras. – Anabaena Azollae Lam. association to a wide salinity 
gradient (0-210 mM NaCl) and investigated the potential role of amino 
acids as osmotic agents and means to increase salt tolerance. 
 
In chapter 3 we studied the interacting effects of rain and wind on the 
development of salinity stratification both in the presence and in the 
absence of a dense Azolla cover. In addition, in order to understand the 
physicochemical mechanisms that could explain the massive growth of 
Azolla arctica in the Eocene Arctic Ocean we carried out a mesocosm 
experiment in which we studied the nutrient cycling within and beneath a 
dense Azolla cover in both freshwater and brackish water environments.  
In chapter 4 we studied the interacting effects of atmospheric CO2 
enrichment and seasonal variation in temperature and photosynthetic active 
radiation on the growth of temperate A. filiculoides. In this chapter we also 
addressed the use of Azolla as a tool in ecosystem services related to 
climate change and discussed its potential role as such for past, present and 
future scenario’s.   
 
In chapter 5 we studied the potential role of Azolla as a moderator of 
global nutrient cycles and its potential biological feedback on atmospheric 
CO2 concentrations during the Eocene. 
 
Chapter 6 completes this thesis by providing an integrated summary of 
conclusions and discussing if and how the main hypotheses hold. 
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Experimental set-up in the water bath laboratory 
Responses of the Azolla filiculoides Stras. 
– Anabaena Azollae Lam. association to 
elevated sodium chloride concentrations; 
Amino acids as indicators for salt stress 
and tipping point 
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Responses of the Azolla filiculoides Stras. – Anabaena Azollae Lam. 
association to elevated sodium chloride concentrations; Amino acids as 
indicators for salt stress and tipping point 
 
Monique M.L. van Kempen, Alfons J.P. Smolders, Gerard M. Bögemann, Leon P.M. 
Lamers, Eric J. W. Visser & Jan G.M. Roelofs 
 
Adapted from Aquatic Botany 106 (2013) 20-28 
 
ABSTRACT 
The water fern genus Azolla has been found in marine sediments, showing that 
ancestral species grew in marine ecosystems during the Eocene. Modern Azolla species, 
however, only live in freshwater. Besides aiming to elucidate experimentally the 
conditions that prevailed over the Arctic Ocean and adjacent Nordic seas during the 
Eocene, studies on tolerance of these plants to salt stress have applied potential as Azolla 
may be used as a fertilizer, thanks to its symbiosis with N2-fixing Anabaena cyanobacteria, 
and grown on salt-infiltrated agricultural fields. Here, the response of a temperate Azolla 
filiculoides – Anabaena Azollae association to a wide salinity gradient (0-210 mM NaCl) 
was studied by measuring growth, plant nutrient concentrations, nitrogenase activity and 
the accumulation of free amino acids in the association. The association was able to grow 
at salt concentrations up to 90 mM NaCl and appeared to acclimate in this range but only 
after a period of 75 days. At concentrations exceeding 120 mM NaCl, however, roots were 
shed and impairment of water and nutrient uptake (including N2 fixation) resulted in die 
off. Increased Na concentrations in the plants grown at external salt concentrations of 30 
mM NaCl were to some extent reverted by decreased K concentrations, suggesting that K 
in the plants was replaced by Na as plant growth was not affected. Absolute nutrient 
concentrations in plant tissue were not correlated with plant growth and therefore not 
suitable as reliable indicators for salt stress. However, significant increases in the free 
amino acids proline and glutamate and significant decreases in asparagine, glutamine and 
gamma-amino-butyric-acid were found with increasing salinity. The constitutively high 
glutamine concentrations in the plants grown up to 90 mM NaCl may have contributed to 
the salt tolerance of the plants by providing osmotic adjustment. Proline concentrations 
and glutamine/ glutamate ratios proved to be strong linear indicators for the level of salt 
stress and can therefore be used to predict the tipping point concentration. The salt 
resistance limit of 90 mM NaCl corresponds well to climate model predictions of salinity 
levels of ancestral habitats of Azolla in the Eocene Arctic Ocean. 
 
KEYWORDS: Azolla filiculoides, Anabaena Azollae, amino acids, proline, asparagine, 
gamma amino butyric acid, glutamine, glutamate, salt stress, tipping point in salt tolerance, 
Eocene Azolla event 
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INTRODUCTION 
Azolla represents a free floating plant genus belonging to the 
Pteridophyta with a global distribution. Distinctive for Azolla is its 
symbiosis with the dinitrogen fixing cyanobacterium Anabaena Azollae that 
lives inside the leaf cavities of the plant. An. Azollae provides Azolla with 
ammonium, whereas Azolla provides the cyanobacterium with a fixed 
source of carbon (Peters & Mayne, 1974a, b). Thanks to this symbiosis 
Azolla is usually very rich in nitrogen and therefore particularly well known 
for its use as a nitrogen fertilizer in rice paddies (Moore, 1969; Lumpkin & 
Plucknett, 1980; Lumpkin & Plucknett, 1982; Wagner, 1997; Mandal et al., 
1999; van Hove & Lejeune, 2002). In addition, Azolla is widely used as a 
phytoremediation tool for contaminated surface water (Wagner, 1997; Rai, 
2007; Ferdoushi et al., 2008) and as animal feed (Khatun et al., 1999; Abou 
et al., 2007; Leterme et al., 2009).  
Present day Azolla spp. are only known from freshwater environments 
and can thus be expected to be sensitive to elevated salt concentrations. 
Ancestral Azolla spp. are, however, known to have also been associated 
with marine environments (Bujak & Mudge, 1994; Eldrett et al., 2004; 
Brinkhuis et al., 2006). Species such as Azolla arctica (Collinson et al., 
2009) and Azolla jutlandica (Collinson et al., 2010) grew and reproduced in 
the central Arctic Ocean and adjacent Nordic seas during the Eocene, some 
50 million years ago. It has been suggested that the massive growth of these 
Azolla spp. significantly contributed in tilting the world’s climate from 
greenhouse to icehouse via massive drawdown of atmospheric CO2 
(Brinkhuis et al., 2006; Speelman et al., 2009b). Although the onset and 
termination of the Azolla blooms were mainly determined by changes in 
surface water salinities, the highest spore abundances occurring at times 
where the top surface water salinity was relatively low (Brinkhuis et al., 
2006; Stickley et al., 2008), it is still very likely that the genus must have 
shown some degree of salinity tolerance. 
Growth responses of Azolla spp. in relation to salt stress have been 
studied in considerable detail, mainly for subtropical and tropical species 
and strains. The interest in this topic largely originates from the fact that the 
utilization of Azolla in agriculture is increasingly affected by salinization, 
particularly in arid and semi-arid regions where irrigation is a contributory 
factor. The salt resistance limit of Azolla spp. roughly varies between 40 
mM and 220 mM salt (Haller et al., 1974; Deng-hui et al., 1985; Johnson, 
1986; Rai & Rai, 1999; Arora & Singh, 2003; Masood et al., 2006; Rai et 
al., 2006). It has been shown that in the lower ranges salt tolerance can be 
increased by pre-incubation at non-lethal salt concentrations (Abraham & 
Dhar, 2010; Rai et al., 2001; Rai & Rai, 2003). Next to phenotypical 
CHAPTER 2  
 
28 
 
differences among Azolla spp. and their different strains (Johnson, 1986), 
this may partly explain the considerable variation that has been found in the 
salinity tolerance of the species, although differences in experimental 
design might also have played a significant role (Grattan & Grieve, 1992; 
Marschner, 1995; Munns & Tester, 2008).  
Generally, the growth reduction that salt sensitive plants experience after 
exposure to elevated salt concentrations results from immediate osmotic 
stress due to a disrupted water uptake, often followed by ionic stress due to 
the accumulation of inorganic ions in the plant cells up to concentrations 
that are inhibitory to many plant physiological processes (Munns & Tester, 
2008). The degree to which algae and plants are able to overcome such 
stress depends on their ability to sequester the ions in vacuoles and 
accumulate compatible osmotic compounds in the cytoplasm, including 
carbohydrates, polyhydric alcohols and amino acids and/or related soluble 
nitrogenous compounds (Flowers et al., 1977; Mansour, 2000; Bouché & 
Fromm, 2004; Burg & Ferraris, 2008). These compounds may not only 
contribute to the osmotic adjustment but may also stabilize membranes and 
proteins and act as free-radical scavengers (Burg & Ferraris, 2008; Munns 
& Tester, 2008).  
So far, studies addressing physiological changes in Azolla spp. subjected 
to salt stress have only been carried out using subtropical and tropical 
varieties of the species (Rai & Rai, 1999; Masood et al., 2006; Rai et al., 
2006; Abraham, 2010; Abraham & Dhar, 2010; Singh et al., 2010). Here we 
studied a temperate Azolla filiculoides – Anabaena Azollae strain grown at 
different salt concentrations (up to 210 mM NaCl) in a laboratory 
experiment by measuring the growth and examining the nutrient 
concentrations in the plants under the given conditions.  
Az. filiculoides is the northernmost occurring Azolla species (Lumpkin & 
Plucknett, 1980). Maritime climate, like in the Netherlands, may temper 
winter periods and incline salt influences in freshwater systems near the 
coast. As Azolla is rich in nitrogen compounds due to its symbiosis, we 
hypothesized that the accumulation of free amino acids is a likely strategy 
to implement as an adaptive response to salinity stress. We therefore studied 
the free amino acid composition as well as the nitrogenase activity in the 
Az. filiculoides – An. Azollae association in relation to salt stress. We grew 
the association in a nitrogen free solution because glutamate and glutamine, 
which are the first essential amino acids in the nitrogen metabolism of the 
symbiosis, are then initially derived from the activity of the cyanobiont that 
fixes atmospheric dinitrogen. As a whole, the present study will generate a 
broader knowledge about the salt stress responses of the genus and about 
the physiological and biochemical advantages of the symbiosis in temperate 
 AZOLLA  AND SALT STRESS 
 
29 
 
brackish water systems, including novel indicators for salt stress.  
MATERIALS AND METHODS 
Experimental design 
Azolla filiculoides, including the Anabaena Azollae, was collected from 
a field location in the Netherlands (N51°55’48”; E5°50’6”) and cultivated 
in the laboratory for approximately 4 months in a nutrient solution which 
was based on water quality data obtained in a field survey by de Lyon & 
Roelofs (1986) on the distribution of Az. filiculoides, amongst other water 
plants, in the Netherlands. The solution contained 1.75 mM NaHCO3, 1.75 
mM CaCl2, 25 µM NaH2PO4, 1 mM K2SO4, 1 mM MgSO4, 10 µM Fe-
EDTA, 1 µM CuSO4, 20 µM MnCl2, 10 µM ZnSO4, 3 µM Na2MoO4, 20 
µM H3BO3 and 4 µM CoCl2 (Sigma-Aldrich Chemie B.V., Zwijndrecht, 
The Netherlands) and was kept free of nitrogen. It was refreshed weekly. 
Containers with Az. filiculoides were placed in a water bath at 16 °C at an 
air temperature of 25 ºC. The light regime was set to 16 hours day and the 
light intensity at vegetation level was 230 µmol m-2 s-1 PAR (Quantum 
sensor, Skye Instruments LTD, Wales, England), provided by six 400 W 
high pressure sodium lamps (Hortilux-Schréder, Monster, The 
Netherlands).  
Az. filiculoides, including the An. Azollae, was grown at 7 different salt 
concentrations and a control for 101 days. The different treatments were 
established by adding 0, 30, 60, 90, 120, 150, 180 or 210 mM NaCl to the 
nutrient solution using a 5 M NaCl (Sigma-Aldrich Chemie B.V., 
Zwijndrecht, The Netherlands) stock solution. Each treatment was 
replicated 3 times. The plants were grown in 6 L glass aquaria (25 cm 
length; 12.5 cm width; 30 cm height) which were randomly placed in the 
water bath to minimize the effect of microclimate differences. The 
underwater parts of the aquaria were kept dark using light impermeable foil 
to avoid light penetration from the sides. At the start of the experiment 4 g 
of fresh Az. filiculoides was introduced in each aquarium, covering 
approximately a quarter of the water surface.  
 
Growth response measurements 
Total fresh biomass in each aquarium was determined once a week and 
subsamples were taken for fresh weight and dry weight measurements. 
Fresh weight was determined by taking the plants out of the aquaria and 
carefully blotting them dry on tissue paper before weighing. Before putting 
the subsamples for dry weight measurements in a stove for 48 hours at  
70°C the plants were washed in a sieve for 1 minute with running 
demineralized water to remove adhering ions. 
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After each harvest 4 g of fresh Azolla was returned into a cleaned 
aquarium containing new nutrient solution that was adjusted to the right 
NaCl concentration. When less than 4 g of fresh biomass was available, 
only a small subsample was harvested and the rest of the biomass was put 
back into the aquarium. Because biomass declined in the highest salt 
treatments (>120 mM NaCl), the starting biomasses for each sampling 
period differed among treatments. The relative growth rates were calculated 
on a dry weight basis to eliminate growth differences that may have arisen 
from the initial size differences: RGR = (ln W2 - ln W1) / (t2 – t1), where W1 
and W2 represent the dry biomass at the beginning (t1) and end (t2) of the 
sampling period. Due to continuous low biomass production rates, the 150, 
180 and 210 mM NaCl treatments had to be terminated after 48, 27 and 19 
days respectively.  
 
Plant nutrient analyses 
Dried plant material was ground in liquid nitrogen after which 200 mg of 
the plant material was digested in 4 mL HNO3 (65%) and 1 mL H2O2 
(35%), using an Ethos D microwave (Milestone, Sorisole Lombardy, Italy) 
(Kingston & Haswell, 1997). Since for most species sodium appears to 
reach toxic concentrations before chloride does (Munns & Tester, 2008), in 
this report we focussed on the accumulation of sodium (Na) in the plant 
tissue. In addition to Na, the digestives were analyzed for elemental 
potassium (K), calcium (Ca), magnesium (Mg) and phosphorus (P) 
concentrations using an inductively-coupled plasma emission 
spectrophotometer (ICP-OES, model IRIS Intrepid II XDL, Thermo Fisher 
Scientific). For the analyses of total nitrogen (N) concentrations, the ground 
plant material was further homogenized using a ball mill (type Mixer Mill 
301, Retsch GmbH, Germany). Ca. 2 mg of the plant material was weighed 
in pressed, ultra-light-weight tin capsules which were analyzed by an 
elemental CNS analyzer (EA 1110, Carlo Erba; Thermo Fisher Scientific). 
Both in the elemental composition analyses and in the plant total nitrogen 
analyses standard references were included. The plant total nitrogen 
concentrations could not be determined for the plants grown at the three 
highest salt concentrations due to the low biomass production.  
 
Amino acid analysis 
At the start and end of the experiment fresh plant biomass was collected 
for the purpose of amino acid analysis according to the method described 
by van Dijk & Roelofs (1988). Samples were stored in plastic bags at -80 
°C until analysis. Amino acids were quantified by measuring fluorescence 
after pre-column derivation with 9-Fluorenylmethyl-Chloroformate 
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(FMOC-Cl) and using HPLC (Star 9050 variable wavelength UV-VIS and 
Star 9070 fluorescence detector; Varian Liquid Chromatography, Palo Alto, 
USA) with norleucine as an internal standard. The plant material of the 120 
mM NaCl treatment had to be pooled at the end of the experiment due to 
low biomass production, thereby leaving only 2 replicates. The amino acid 
analysis method did not allow us to measure glycine betaine (Rhodes & 
Hanson, 1993), which besides proline has been recognized as a compatible 
compound abundant in higher plants. However, the method did allow us to 
measure serine and ethanolamine, which are essential precursors in the 
biosynthesis of glycine betaine (Hitz et al., 1981; Rhodes & Hanson, 1993; 
Nuccio et al., 1998; Waditee et al., 2007). 
 
Nitrogenase activity of the Az. filiculoides -An. Azollae association 
Nitrogenase activity was measured in duplicate using an acetylene 
reduction assay (Hardy et al., 1968) as described by Arora & Singh (2003) 
after 9 days. The activities were first averaged per replicate, after which the 
mean was calculated per treatment.  
 
Nutrient composition analysis of the nutrient solution 
The nutrient solution in each aquarium was refreshed once a week at the 
event of harvesting to keep the culture free of algae and to prevent nutrient 
depletion. Before refreshing the nutrient solution, samples were taken from 
the aquaria using 30 mL acid rinsed glass bottles, to determine the nutrient 
concentrations. Total concentrations of Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si 
and Zn were determined using inductively coupled plasma emission 
spectrometry (ICP-OES), using standard references. During the experiment 
all nutrients in the solution were present in adequate amounts (data not 
shown). 
 
Statistical analysis 
Mixed Linear Models (MLM) in SPSS 19.0 for Windows (SPSS Inc., 
Chicago, IL, U.S.A.) were used to analyze the growth responses and the 
nutrient concentrations in the plants. Time was specified as a repeated 
variable with plant as the subject variable to correct for the correlated 
residuals within the random effects. The repeated co-variance type was 
specified based on the smallest - 2 Restricted Log Likelihood. Data were 
analyzed considering treatments effects, time effects and time/treatment 
interactions in order to study whether there was plant adaptation. As the 
absolute nutrient concentrations in the plant tissue were not correlated with 
plant growth it was decided to analyze the nutrient concentrations solely for 
treatment effects. Pairwise comparisons were made based on the estimated 
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marginal means to determine the differences between the treatments and 
were adjusted for multiple comparisons using Bonferroni, the mean 
difference being significant at the 0.05 level. Missing data from the 150, 
180 and 210 mM treatments were indicated as such, except in the analysis 
of the plant nitrogen concentrations, because these were missing from the 
start. Care was taken that the model’s assumptions were met. For this 
purpose the plant sodium, calcium and magnesium concentrations were log 
transformed for the analyses.  
Analyses of Variances (ANOVA) were used to analyze the differences 
among the nitrogenase activities and the amino acid compositions of the 
association at the end of the experiment. Differences between treatments 
were determined using Bonferroni post hoc analyses. The missing replicate 
in the 120 mM NaCl treatment in the amino acid analysis was specified as 
such, whereas the three highest salt treatments were excluded because the 
plants had died before the end of the experiment. Care was taken that the 
model’s assumptions were met. For this purpose total amino acid 
concentrations, glycine, serine, asparagine, glutamine, aspartate, glutamate, 
gamma amino butyric acid (GABA) and ethanolamine data were log (1+X) 
transformed.  
 
RESULTS 
Growth responses 
The relative growth rates (RGRs) of the Az. filiculoides- An. Azollae 
association initially decreased with increasing NaCl in the nutrient solution 
(Fig. 1A, Table 1). During the experiment, however, the RGRs of the plants 
grown in treatments up to 90 mM NaCl became equally high (Fig 1A, Table 
1). In the 120 mM NaCl treatment the RGR was highly variable, but 
overall, it was significantly lower than in the plants grown at lower salt 
concentrations. This was also true for the three highest salt treatments 
where RGRs were generally negative (Fig. 1A, Table 1). In the three 
highest salt concentrations (≥150 mM NaCl), a large part of the plants 
became necrotic and subsequently sank to the bottom of the aquaria. Hence, 
the treatments with 150, 180 and 210 mM NaCl already had to be 
terminated during the first half of the experiment after 48, 27 and 19 days 
respectively.  
The water contents of Az. filiculoides initially decreased with increasing 
salt in the nutrient solution (Fig. 1B, Table 1). The plants grown at salt 
concentrations ≥60 mM NaCl became smaller and partially orange, and the 
length of the roots substantially decreased. In the treatments with ≥120 mM 
NaCl, the Azolla plants shed nearly all their roots and it was only in the 120 
mM salt treatment that they occasionally regenerated during the experiment 
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(personal observations). For the plants grown at salt concentrations ≤ 90 
mM water contents increased again (Fig. 1B, Table 1), the roots lengthened 
and the plants returned to their original green color during the second half 
of the experiment. In the 120 mM NaCl treatment, in contrast, the stress 
symptoms remained present until the end of the experiment.  
 
Plant nutrient composition  
Sodium concentrations in the plants increased with increasing salt 
concentrations in the nutrient solution, but only up to the 60 mM NaCl 
treatment (Table 2). The plants in the 30 mM NaCl treatment accumulated 
almost eight times more sodium than the controls, and the plants in the 60, 
90 and 120 mM NaCl treatments also accumulated significantly more 
sodium than the plants in the 30 mM NaCl treatment. The sodium 
concentrations in the plants grown at the highest three salt concentrations, 
however, stayed relatively low due to the fact that these plants had lost their 
roots.   
The biggest difference in the potassium concentrations of the plants 
occurred between the control plants and the plants grown at 30 mM NaCl 
(Table 2). In plants grown at 60, 90 and 120 mM NaCl potassium 
concentrations were lower than in plants grown at 30 mM NaCl whereas in 
the highest three treatments plant potassium concentrations were 
comparable to all other salt treatments. In contrast, calcium and magnesium 
concentrations in the plants decreased with increasing salt concentration in 
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Figure 1 (A) The relative growth rates (RGRs) (g g-1 dry weight day-1) ± SE and (B) the 
water contents (%; w/w) ± SE of the Az. filiculoides – An. Azollae associations in the 
different salt treatments (0-210 mM NaCl; n=3) during the experiment. The results of the 
statistical analyses are presented in table 1. 
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the nutrient solution (Table 2). Calcium concentrations decreased most in 
the plants grown at 90 mM NaCl, while at higher salt concentrations they 
stayed relatively high, especially at 120 mM NaCl. Magnesium 
concentrations became particularly low in the plants grown at salt 
concentrations ≥150 mM NaCl. Phosphorus and nitrogen concentrations 
were comparably high in the plants grown up to 90 mM NaCl (Table 2). At 
higher salt concentrations the plants contained significantly lower amounts. 
The phosphorus concentrations in the plants grown at ≥150 mM NaCl 
became significantly lower than those in the plants grown at 120 mM NaCl. 
 
Moisture 
content RGR 
Mixed Linear Models Covariance Type FOAD SI 
Treatment 
df 7 7 
F 92.8 50.159 
p 0 0 
Time 
df 11 11 
F 15.356 14.547 
p 0 0 
Treatment x Time 
df 52 52 
F 10.069 3.19 
p 0 0 
 mM NaCl  
Bonferonni adjusted 
pairwise comparisons 
0 a a 
30 a ab 
60 ab bc 
90 b c 
120 c d 
150 d de 
180 d e 
210 d de 
FOAD = First Order Ante Dependence, SI= Scaled Identity 
 
 
Table 1 Results of the Mixed Linear Model analyses and the Bonferonni adjusted pairwise 
comparisons based on the estimated marginal mean for treatment effects for the moisture 
contents and the relative growth rates (RGR) of the Az. filiculoides – An. Azollae 
associations exposed to different salt concentrations. The mean difference is significant at 
the 0.05 level.   
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Table 3 The am
ino acid concentrations in the plants (± SE) at the start and at the end of the experim
ent. The results of the A
nalyses 
of Variances (A
N
O
VA
) are significant at the 0.05 level. Significant differences betw
een treatm
ents, as determ
ined w
ith B
onferonni 
post hoc analyses, are indicated by different letters.  
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Figure 2 The mean 
nitrogenase activity (µmol g-1 
dry weight hour-1) ± SE in the 
Az. filiculoides – An. Azollae 
association in the different 
salt treatments (0-210 mM 
NaCl; n=3) after 9 days.  
Amino acid composition  
To study the accumulation of free amino acids as a possible adaptive 
response to salt stress we determined the amino acid composition in the 
association at the start of the experiment and at the end, when the growth 
rates of the plants grown at salt concentrations up to 90 mM NaCl had 
become equally high. A range of amino acids and some other soluble 
nitrogenous compounds were detected including glycine, alanine, valine, 
isoleucine, proline, phenylalanine, serine, threonine, asparagine, glutamine, 
arginine, aspartate, glutamate, GABA and ethanolamine (Table 3). In 
addition, small traces of leucine, tryptophan, methionine, tyrosine, cysteine, 
lysine, histidine, ornithine, carnithine and glucosamine were detected (data 
not shown). The analyses of the amino acid concentrations of the plants 
showed significant differences between treatments for proline, asparagine, 
glutamine, glutamate and GABA. Proline and glutamate concentrations in 
the plants increased, whereas asparagine, glutamate and GABA 
concentrations in the plants generally decreased with increasing salt 
concentration in the nutrient solution.  
 
Acetylene reduction assay 
We measured the nitrogenase activity of the cyanobiont in response to 
different salt concentrations, because in a nitrogen free environment the 
amino acid synthesis in Azolla strongly depends on the activity of An. 
Azollae. For the Az. filiculoides – An. Azollae associations grown at salt 
concentrations up to 90 
mM NaCl equally high 
nitrogenase activities 
were measured. At 
higher concentrations 
the activities decreased 
with increasing salt 
stress (ANOVA: F(7)= 
79.653, p<0.000) (Fig. 
2).  
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DISCUSSION 
Plants responses to salt stress 
Initially, the Az. filiculoides – An. Azollae association grown at salt 
concentrations up to 90 mM NaCl grew at slightly lower rates than the 
control plants. Their decreased moisture contents indicated that the plants 
suffered from osmotic stress whereas the signs of chlorosis and the shorter 
root lengths pointed to salt injury. After a period of approximately 75 days, 
however, these signs of stress and injury had gradually disappeared and the 
plants in the salt treatments up to 90 mM NaCl were able to grow at equally 
high rates as the plants in the control treatment. This shows that the 
temperate Az. filiculoides – An. Azollae strain was plastic in its response to 
salt stress and seemed able to acclimate to relatively high salt 
concentrations even at immediate exposure. This important long term effect 
should be considered when interpreting the results of relatively short-term 
experiments. A comparable plasticity has been shown for subtropical strains 
of Az. pinnata and Az. microphylla (Rai & Rai, 1999; Abraham & Dhar, 
2010) which were able to increase salt tolerance after pre-incubation at non-
lethal NaCl concentrations for a specified time period. 
For the four highest salt concentrations (120-210 mM NaCl) the osmotic 
stress and salt injury was more severe and remained present until the end of 
the experiment. We observed that the plants grown at high salt 
concentrations almost immediately shed their roots, with strong 
implications for their nutrient uptake. For Az. filiculoides shedding of roots 
is known to be caused by inhibitors of respiration (Uheda & Kitoh, 1994) 
and for Az. pinnata this phenomenon has also been observed following salt 
stress (Rai et al., 2006). Although plants at 120 mM NaCl were able to re-
grow their roots, their turnover rates were much higher than for the plants 
grown at lower salt concentrations. In addition, root re-growth in this 
treatment resulted in very marked fluctuations in RGRs and moisture 
contents, indicating physiological stress. Nevertheless, these responses 
probably contributed to their survival and we therefore suggest that the 
shedding of roots may provide an escape for Azolla to avoid salinity stress 
at fluctuating salt concentrations. At salt concentrations ≥150 mM NaCl, in 
contrast, plants were not able to re-grow their roots which ultimately 
resulted in the death of these plants due to desiccation and impairment of 
nutrient uptake.  
 
Roles of Na and K in osmoregulation 
Figure 3A shows that the mean RGRs of the plants in the different 
treatments were strongly correlated with the mean moisture contents of the 
plants, as an indicator of osmotic stress. Osmotic effects of high external 
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salt concentrations result 
from the lowering of the 
external water potential as 
opposed to the internal 
water potential thereby 
interfering with the plants 
ability to extract ions and 
nutrients and maintain 
turgor. At moderate 
external salt 
concentrations the 
accumulation of the 
monovalent inorganic 
solute Na may have 
provided some osmotic 
adjustment to the plants 
by maintaining the 
potential gradient for the 
influx of water. The 
increased Na 
concentrations in the 
plants at elevated salt 
concentrations clearly 
show that Az. filiculoides 
is a salt includer 
(Marschner, 1995), at 
least up to external salt 
concentrations of 60 mM 
NaCl. The increased Na 
concentrations in the 
plants were to some 
extent reverted by 
decreased K 
concentrations (Fig. 3B). 
Although K 
concentrations in the 
plants grown at 30 mM 
NaCl were half as high as 
in the control plants, their 
growth rates were not 
affected suggesting that K in the plants was replaced by Na. Substitution of 
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Figure 3 (A) The correlation between the mean 
moisture contents (%) of the plants and the mean 
relative growth rates (g g-1 dry weight day-1). (B) The 
mean sodium (Na) and potassium (K) concentrations in 
the plant in the different salt treatments (0-210 mM 
NaCl) 
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K by Na in various metabolic functions is a well-known feature in salt 
tolerance (Marschner, 1995) and for some species, for example Lemna spp., 
has been shown to even result in a growth stimulation (Haller et al., 1974).  
Both Rai & Rai (1999) and Abraham & Dahr (2010) suggested that the 
increase in the salt tolerance of Azolla after pre-incubation at non-lethal salt 
concentrations involved the development of a capability in the plants to 
regulate their ion concentrations (Na, K and Ca). In the current experiment, 
where the Az. filiculoides –An. Azollae association seemed able to acclimate 
at exposure up to 90 mM NaCl we also found that the plants were able to 
soothe the uptake of Na (MLM, SI, Time x Treatment: F(48)= 4.84, 
p<0.000) and improve the uptake of K (MLM, SI, Time x Treatment: 
F(48)= 3.00, p<0.000) and Ca (MLM, SI, Time x Treatment: F(48)= 4.06, 
p<0.000), especially in the last 30 days of the experiment (data not shown). 
The resulting absolute internal nutrient concentrations in the plants, 
however, cannot explain why the plants in the salt treatments up to 90 mM 
NaCl were able to grow and increase their salt tolerance, whereas the plants 
in the 120 mM NaCl treatment just about survived. In most cases the ion 
and nutrient concentrations were not significantly different between the 
plants grown in the 120 mM NaCl treatment and the plants grown at lower 
salt concentrations, even despite the fact that the plants in the 120 mM 
NaCl treatment on average were 1.7 - 3.2 times older than the plants grown 
at lower salt concentration and were thus subjected to the salt stress for a 
relatively longer time. Only the phosphorus concentrations were 
significantly lower in the plants grown at 120 mM NaCl than in the plants 
grown at lower salt concentrations, but the concentrations were still 
reasonably high. We therefore conclude that the differences in the ion and 
nutrient concentrations in the plants grown at the various salt 
concentrations were not the main cause for the observed differences in 
growth. Furthermore, we suggest that the changes in ion and nutrient uptake 
rates were more a consequence, rather than a contributory factor, to the 
increase in the salt tolerance of the Az. filiculoides plants grown up to 90 
mM NaCl.   
 
Roles of nitrogen compounds in osmoregulation 
Since Azolla is known to be very rich in nitrogen we hypothesized that 
salt tolerance might be facilitated by the production of free amino acids. We 
found significant differences for proline, asparagine, glutamine, GABA and 
glutamate. The increased proline concentrations in the Az. filiculoides 
plants seemed to have been triggered by the decreasing moisture contents of 
the plants which showed a strong negative correlation with the proline 
concentrations (Fig. 4A). Although proline, which is the most widely 
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distributed osmoprotectant (Delauney & Verma, 1993; Yoshiba et al., 1995; 
Verbruggen & Hermans, 2008), significantly increased in the plant tissue 
with increasing salt stress, the concentrations were rather low, as was also 
found in Salvinia natans (Jampeetong & Brix, 2009), which like Azolla, 
belongs to the family of heterosporous ferns. This makes it unlikely that 
proline played a significant role in the osmotic adjustment of the plants. 
However, other functions have been postulated for proline accumulation in 
stressed plant tissues. For instance, it may enhance stress tolerance by 
acting as a detoxificant of free radicals and a protectant for enzymes and 
membranes (Delauney & Verma, 1993).  
The glutamine/glutamate ratio’s in the plants were clearly altered due to 
the salt stress and strongly correlated with the Na concentrations in the 
plants (Table 3, Fig. 4B). The free glutamate concentrations in the plants 
increased with increasing salt stress up to the 60 mM NaCl treatment, 
whereas the glutamine concentrations in the plants decreased at high 
external salt concentrations (≥120 mM NaCl). Glutamate and glutamine 
play essential roles in the amino acid metabolism in plants. In a nitrogen 
free environment, like in the current experiment, the glutamine and 
glutamate in Azolla initially are derived from the activity of the cyanobiont 
that fixes atmospheric dinitrogen and converts it to ammonium that Azolla 
then processes in the glutamine synthase / glutamate synthase 
(GS/GOGAT) cycle (Bernard & Habash, 2009; Teixeira & Fidalgo, 2009; 
Ghanem et al., 2011).  
The increases in the glutamate concentrations we found in the plants 
grown at elevated salt concentration are quite remarkable because 
glutamate concentrations in plants usually are fairly constant where many 
other amino acids may dramatically change in response to environmental 
changes or plant physiological changes (Forde & Lea, 2007). The high 
glutamine levels we observed at the beginning of the experiment and at the 
end of the experiment in the plants grown up to 90 mM NaCl are not 
uncommon for Azolla spp. (Newton & Cavins, 1976). The glutamine 
concentrations constituted about 65% of the total free amino acid pool in 
the plants and may have contributed to the increase in the salt tolerance of 
the plants grown in the salt treatments up to 90 mM NaCl by providing 
osmotic adjustment (Mansour, 2000; Bernard & Habash, 2009). They 
cannot be regarded as a fully functional adaptive response to salt stress 
though because at even higher salt concentrations the glutamine levels were 
severely reduced. This was probably due to the reduced activity of the 
cyanobionts in the associations grown at 120 mM NaCl which in turn is 
likely to have resulted from the reduced overall performance of the Azolla 
in this treatment (Rai et al., 2001).  
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 No significant changes were found in the serine or ethanolamine 
concentrations in the plants. It remains worthwhile though, to look into the 
potential role of glycine betaine directly in the salt tolerance of the Az. 
filiculoides – An. Azollae 
association in future 
research. Especially since 
the species is known to 
be able of producing 
betaine lipids (Kunzler & 
Eichenberger, 1997).  
 
Indicators for salt stress 
Absolute nutrient 
concentrations in plant 
tissue were not correlated 
with plant growth and 
therefore not suitable as 
reliable indicators for salt 
stress. Although the 
absolute nitrogen 
concentrations in the 
plants in the 120 mM 
NaCl treatment were not 
even that different from 
the plants grown at lower 
salt concentrations due to 
the decreased growth of 
the plants, the total free 
amino acid 
concentrations were 
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significantly reduced and the free amino acid composition was considerably 
altered. In the salt tolerance of the Dutch Az. filiculoides – An. Azollae 
association thus a clear tipping point was found at 120 mM NaCl. The 
strongly impaired N metabolism in the plants at 120 mM NaCl may be 
related to decreased recycling of carbon skeletons where compounds such 
as GABA are often involved (Bouché & Fromm, 2004; Ghanem et al., 
2011). Accordingly, we found significantly decreased GABA concentrations 
in the plants in the 120 mM NaCl treatment and no more asparagine, which 
is the most important amino acid being transported (Lea et al. 2007).  
Although we have not been able to identify the accumulation of free 
amino acids as the facilitating mechanisms in the salt tolerance of the Az. 
filiculoides – An. Azollae association, we did find important indicators 
based on which the salt resistance limit of the species might be predicted. 
The proline concentrations in the plants and the glutamine/ glutamate ratios 
in the plants provide important novel indicators in the salt tolerance of the 
Az. filiculoides – An. Azollae association, both showing linear responses in 
relation to external salt concentrations (Fig. 4C). They therefore can be 
used to predict the tipping point in the salt tolerance of the species 
accurately and instantly. In contrast, the RGRs and/or moisture contents of 
the plants show very marked fluctuations around the tipping point, and are 
not always possible to monitor.  
 
Paleolimnological implications 
The salt resistance limit of 90 mM NaCl we found here for the Az. 
filiculoides –An. Azollae association is quite striking as this corresponds to 
a ~5‰ surface water salinity. Climate modelling experiments elucidating 
the circulation in the Eocene Arctic Ocean have shown that a surface water 
salinity of 5‰ in combination with a bottom water salinity of 21-25‰, as 
was proposed by Waddell & Moore (2008), offered an answerable scenario 
for the growth of the ancestral Azolla spp. in the Eocene Arctic Ocean 
(Speelman et al., 2010). There is strong evidence that dinitrogen fixation 
was already a persistent feature in the Eocene Arctic Ocean (Bauersachs et 
al., 2010). Ancestral Azolla spp. should have been able to survive surface 
water salinities around 5‰ and develop the high biomass as reported 
(Brinkhuis et al., 2006; Speelman et al., 2009b).  
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Micro-halocline enabled nutrient recycling may explain extreme Azolla 
event in the Eocene Arctic Ocean 
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ABSTRACT 
In order to understand the physicochemical mechanisms that could explain the massive 
growth of  Azolla arctica in the Eocene Arctic Ocean,  we carried out a laboratory 
experiment in which we studied the interacting effects of rain and wind on the 
development of salinity stratification, both in the presence and in the absence of a dense 
Azolla cover. Additionally, we carried out a mesocosm experiment to get a better 
understanding of the nutrient cycling within and beneath a dense Azolla cover in both 
freshwater and brackish water environments. Here we show that Azolla is able to create a 
windproof small-scale salinity gradient in brackish waters, which allows for efficient 
recycling of nutrients. We suggest that this mechanism ensures the maintenance of a large 
standing biomass in which additional input of nutrients ultimately results in a further 
expansion of an Azolla cover. As such, it may not only explain the extent of the Azolla 
event during the Eocene, but also the absence of intact vegetative Azolla remains and the 
relatively low burial efficiency of organic carbon during this interval. 
 
KEYWORDS: Azolla, Eocene, small-scale salinity gradient, halocline, nutrient recycling, 
phosphate   
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INTRODUCTION 
Azolla is a pleustonic freshwater fern known from temperate, tropical 
and subtropical regions all over the world. Distinctive to Azolla is that it 
encloses a permanent endosymbiotic prokaryotic community inside its leaf 
cavities (Carrapiço, 2002). The most notable member of this community is 
the nitrogen fixing cyanobacterium Anabaena Azollae which is able to meet 
the entire nitrogen demand of the symbiosis, as long as Azolla provides it 
with a fixed source of carbon (Peters & Mayne, 1974a, b).  
Fossil Azolla species have been recognised in freshwater deposits from 
the mid to late Cretaceous onward. They can be found as complete plants 
and/or as megaspores and microspores, the latter often clumped together in 
so called massulae (Collinson, 2001; Collinson, 2002). More recently, high 
abundances of morphologically intact fossil microspores and megaspores of 
Azolla arctica (Collinson et al., 2009) were found in mid Eocene (~48.5 
Ma) marine sediments (Brinkhuis et al., 2006). These were recovered from 
the Lomonosov ridge in the central Arctic Ocean during the Arctic Coring 
Expedition of the Integrated Ocean Drilling Program. Many of the 
encountered mature megaspores in these marine sediments had microspore 
massulae attached indicating that Azolla arctica grew and reproduced in 
situ in the Arctic basin during the middle Eocene when this area had a 
relatively warm climate (Brinkhuis et al. 2006; Collinson, 2009).  
The sediments representing the Eocene Azolla event, which lasted at 
least ~800 000 years (Brinkhuis et al., 2006), were found to be laminated 
and the observed cyclicity of spore abundances appeared to be strongly 
related to changes in obliquity cycles (Barke et al., 2011). Such orbital 
processes are known to affect pole-ward atmospheric heat and moisture 
transport (Milankovitch, 1941). Indeed, it has been computed that the warm 
greenhouse conditions of the Eocene period induced an intensified 
hydrological cycle with precipitation exceeding evaporation at high 
latitudes (Huber et al., 2003; Speelman et al., 2010). In combination with 
the relatively isolated geography of the Arctic Ocean during the Eocene 
(Jakobsson et al., 2007), this enhanced freshwater input (by the 
precipitation itself and/ or via river discharge) frequently resulted in a 
highly stratified Arctic Ocean with a relatively freshwater layer (1-6 ‰) on 
top of a more saline (15-21‰), occasionally anoxic deepwater layer 
(Brinkhuis et al., 2006; Stickley et al., 2008; Waddell & Moore, 2008).  
Such variations in salinity are also well known from present day 
estuaries where the vertical salinity distribution, which may evolve as a 
consequence of freshwater input by rivers, is often characterized by a very 
steep salinity gradient at the interface of two water layers differing in 
density. When such a halocline is formed, it often hampers the mixing 
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between water layers, although it cannot entirely prevent salinity from 
influencing the top water layers along the estuary, due to the transport of 
incoming deep saline water and the influence of wind and wave action on 
the circulation of the water column (Wetzel, 2001). In the Eocene Arctic 
Ocean the halocline apparently was very strong during very long periods 
and the surface waters were frequently fresh or at least brackish enough to 
allow for the growth of Azolla arctica (Brinkhuis et al., 2006; Stickley et 
al., 2008; Waddell & Moore, 2008).  
Beside relatively fresh water conditions there also must have been a 
sufficiently large influx and availability of nutrients in order to be able to 
explain the massive growth of Azolla in the Eocene Arctic Ocean. There is 
strong evidence that dinitrogen fixation was already a persistent feature in 
the Eocene Arctic ocean (Knies et al., 2008; Bauersachs et al., 2010). 
Therefore, the growth of Azolla arctica was presumably not limited by 
nitrogen, but by phosphorus.  
Present day Azolla species show a high phosphorus demand and 
typically occur in relatively shallow water bodies (Yanni, 1992; Wagner, 
1997). It has been shown that high phosphate concentrations of over 75 µM 
may still stimulate Azolla growth (Tung & Watanabe, 1983; Sah et al., 
1989; Cary & Weerts, 1992). Since Azolla is only able to utilize the 
dissolved inorganic phosphate in the surface water, its growth is often 
limited by the release of phosphate from the sediment (Yanni, 1992). In 
open waters this often is too slow to meet its requirements, but the presence 
of a dense cover of Azolla frequently renders the surface water anoxic 
(Pokorny & Rejmankova, 1983), which in turn may enhance the phosphate 
release from the sediment (Smolders et al., 2006; Slomp & van Cappellen, 
2007). In shallow water bodies, where there is little dilution, such a 
reductive solubility of phosphate can considerably increase its availability 
in the surface water.   
In the Eocene Arctic Ocean dissolved inorganic phosphate in the surface 
water originated from the release from sediments within and adjoining the 
Arctic Ocean, and/or from the inflow of rivers. Given that the basin was 
relatively deep and highly stratified at the time of the extensive Azolla 
blooms, it seems unlikely that much of the sediment derived phosphate 
within the Arctic Ocean became available to Azolla arctica. In stratified 
lakes it is well known that the presence of a halocline often results in a 
hypolimnetic nutrient accumulation (Wetzel, 2001; Slomp & Van 
Cappellen, 2007). If this were also the case in the Eocene Arctic Ocean, this 
would mean that the growth of Azolla arctica was largely dependent on the 
release of phosphate from shallow sediments adjoining the Arctic Ocean 
and especially on the phosphate input via rivers. Therefore, the fact that 
 MICRO HALOCLINE ENABLED NUTRIENT RECYCLING 
 
49 
 
Azolla arctica nevertheless was able to disperse all the way to the central 
Arctic ocean, can only point to an enormous expansion of the Azolla from 
the coastal regions and a probable mechanism for efficient recycling of 
nutrients in the surface water layer of the open ocean.  
Here, we studied the effect of the presence of Azolla on the development 
of a small-scale salinity gradient in slightly brackish waters in order to 
empirically test the hypothesis that the development of such a small-scale 
halocline facilitates nutrient recycling within a dense Azolla cover by 
trapping the nutrients that are lost from the decomposition of dead plant 
material within the top surface water layer. First, we carried out a 
laboratory experiment in which we studied the interacting effects of rain 
and wind on the development of salinity stratification, both in the presence 
and in the absence of a dense Azolla cover. Next we carried out a mesocosm 
experiment in order to get a better understanding of the nutrient cycling 
within and beneath a dense Azolla cover in both freshwater and brackish 
water environments.  
 
MATERIALS AND METHODS 
Species 
We used Azolla filiculoides, which is the northernmost occurring Azolla 
species. It is widely distributed, including in the subtropical and tropical 
regions of the world (Lumpkin & Plucknett, 1980). In the Netherlands, it 
mostly grows in the western parts of the country where the maritime 
climate tempers winter periods, but it is increasingly expanding its 
distribution eastward. 
 
Interacting effects of Azolla, rain and wind on salinity stratification 
Sixteen 800 mL beakers were filled with 600 ml of a nutrient solution 
containing 1.5 mM NaHCO3, 0.5 mM KCl, 0.5 mM MgCl26H2O, 0.025 
mM Fe-EDTA, 0.025 mM NaH2PO4H2O, 0.001 mM CuSO45H2O, 0.02 
mM MnCl24H2O, 0.01 mM ZnSO47H2O, 0.003 mM Na2MoO42H2O, 0.02 
mM H3BO3 and 0.004 mM CoCl26H2O (Sigma-Aldrich, Zwijndrecht, 
Netherlands). The composition of this growth medium was based on the 
results obtained in a field survey by de Lyon and Roelofs (1986), who 
studied the distribution of A. filiculoides, among other aquatic plants in the 
Netherlands, in relation to water quality and other biogeochemical 
parameters. The final salinity of the nutrient solution was set to 3‰ by 
adding artificial sea salt (Tropic Marin, Wartenberg, Germany) and was 
determined by measuring the total dissolved salt concentration using a 
multi meter (18.52.SA multimeter, 18.56 Flow-through cell Compact, 
Eijkelkamp Agrisearch Equipment, Giesbeek, the Netherlands). The surface 
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waters of eight of the beakers were completely covered with 20 g fresh A. 
filiculoides, which had been cultivated in the laboratory prior to the 
experiment for approximately 8 weeks. Four of the covered and four of the 
non-covered beakers were subjected to wind influences. Wind was 
simulated by placing tubes diagonally above the Azolla or water surface 
from which air escaped at a speed of approximately 11.2 m s-1 (Windmaster 
2, Kaindl Electronics, Rohrbach, Germany). Next, we subjected all sixteen 
beakers to a rain event which was simulated by sprinkling approximately 30 
mm of demineralized water over the beakers from a distance of ~ 1 meter 
using a watering can. The salinity of the nutrient solution was measured at 
the surface and at the bottom of the beakers at 0, 0.5, 4 and 20 hours after 
the rain event. At the end of the experiment (20 hours after the rain event) a 
complete salinity profile was determined by measuring the total dissolved 
salt concentration in the nutrient solution every 0.5 cm from the surface to 
the bottom of the beakers. The electrode was kept steady using a double 
column height dial gauge (Microscale measurements, The Hague, The 
Netherlands). 
Mesocosm experiment  
In the Netherlands A. filiculoides typically grows from late summer to 
early winter and the mesocosm experiment was therefore conducted from 
mid September to early December in basins outside the experimental 
greenhouse of the Radboud University Nijmegen (N51º82’29”; E5º87’16”). 
The plants used for inoculation had been collected from a ditch near an 
arable land in Elst, The Netherlands (N51º55’48”; E5º50’6”). No specific 
permits were required for this. At the time of collecting the Azolla the 
location was not privately owned or protected in any way. 
Six semi-enclosed basins, with a depth of 92 cm and a radius of 185 cm 
(~2500 liter), were filled with tap water and different chemicals were added 
to establish a nutrient solution with a composition similar to what was used 
in the laboratory experiment. In three of the six basins, however, artificial 
sea salt was not included. To avoid the influence of micro-climate 
differences a complete random design was used. The experiment started 
with the inoculation of ~2.7 kg (1 kg m-2) fresh A. filiculoides to all of the 
basins. To prevent the depletion of phosphorus, iron and other 
micronutrients, their concentrations were restored at days 24 and 37. The 
experiment lasted 86 days. The amount of rainfall was monitored during the 
experiment, and from the moment that the basins were fully covered with 
A. filiculoides we measured dissolved oxygen concentrations and 
temperatures at the surface and the bottom of the basins using an YSI 
multiparameter probe (YSI Incorporated, Yellow Springs, USA).  
 MICRO HALOCLINE ENABLED NUTRIENT RECYCLING 
 
51 
 
Biomass sub-samples were taken at regular time intervals from the 
moment the basins were fully covered with A. filiculoides using a square 
sieve of 25 cm2. The harvested plants were washed with running 
demineralized water for half a minute and blotted dry with tissue paper, 
after which their fresh weight was determined. After drying at 70 °C for 48 
hours, dry weight was determined.  
The nutrient solution in the basins was sampled weekly at the surface 
(top 5 cm), in the middle (45-50 cm at depth) and at the bottom (87-92 cm 
at depth). The sampling was carried out using 30 mL vacuum flasks 
connected to ceramic soil moisture samplers (Eijkelkamp Agrisearch 
Equipment, Giesbeek, the Netherlands). Concentrations of PO43- and Cl- 
were measured colorimetrically and concentrations of K+ and Na+ were 
measured flame photometrically using Auto Analyzer systems (Bran & 
Luebbe, Norderstedt, Germany). Total Ca, Mg and S concentrations were 
determined using an inductively-coupled plasma emission 
spectrophotometer (ICP-OES, model IRIS Intrepid II XDL, Thermo 
Electron Corporation, Franklin, MA).  
 
Statistics 
We used Mixed Linear Models in SPSS 17.0 for Windows (SPSS Inc., 
Chicago, IL, U.S.A.) for statistical analyses. For the laboratory experiment 
we nested time as a repeated co-variable of the beakers and chose 
heterogeneous auto-regressive as a covariance type. We entered water layer 
(top or bottom), plant (with or without Azolla) and wind (wind or no wind) 
as fixed factors. For the analysis of the biomass data in the mesocosm 
experiment we used the same model except that we chose auto-regressive 
as a covariance type and entered treatment (fresh or brackish) as a fixed 
factor. The chloride concentrations in the brackish water basins were 
analyzed separately because salinity levels in the fresh and brackish water 
basins obviously were different. We only focussed on the concentrations in 
the different water layers that were measured from day 37 onward. We 
nested time as repeated co-variable of the basins and chose heterogeneous 
auto-regressive as a covariance type. The differences between the water 
layers in the brackish water basins were determined using Bonferroni post 
hoc analysis. We ran a univariate ANOVA on the chloride concentrations 
in the top water layers of the fresh and brackish water basins to see if they 
had become comparable at the end of the experiment. The dissolved oxygen 
concentrations and phosphorus concentrations were analyzed in a similar 
way as the chloride concentration, only now the water layers of the fresh 
water basins were included in the analyses, which voided the need to 
perform a separate univariate ANOVA on the data at the end of the 
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experiment. In the data analysis of the phosphorus concentrations we used 
unstructured variations as a covariance type.  
 
RESULTS  
Interacting effects of Azolla, rain and wind on salinity stratification 
We found that the salinity of the top and bottom water layers became 
significantly different after the rain event (F(1)=3053.573, p<0.001) and 
that the presence or absence of Azolla (F(1)=262.963, p<0.001) or wind 
(F(1)=12.409, p<0.01) had a significant effect. The results of the laboratory 
experiment further showed that the presence of the Azolla cover 
significantly enhanced salinity stratification (F(1)=2500.946, p<0.001), 
whereas wind influences significantly decreased salinity stratification 
(F(1)=76.587, p<0.001). The presence of the Azolla cover significantly 
hampered the influence of wind mixing the water column (F(1)=30.795, 
p<0.001). In addition, we found a significant interaction between the 
salinity of the different water layers, the presence or absence of Azolla and 
the presence or absence of wind (F(1)=13.876, p<0.001) (Fig. 1A). 
Also from the salinity profiles, which were taken 20 hours after the rain 
event, it became clear that the salinity gradient was steepest in the treatment 
with Azolla when there was no wind, followed by the treatment with Azolla 
and wind. In the treatment without Azolla and without wind, only a small 
gradient was left at the bottom of the beakers, whereas in the treatment 
without Azolla but with wind no gradient was found (Fig. 1B).  
 
Mesocosm experiment 
During the first ~35 days of the mesocosm experiment the biomass in 
the basins increased. Biomass densities of Azolla in the freshwater and 
brackish water treatment did not differ (F(1)=2.817, p>0.05) (Fig. 2A). The 
Azolla cover, including roots, was approximately 5-7 cm thick and the roots 
were 3-5 cm long. At the end of the experiment part of the biomass started 
to decompose due to decreasing temperatures. The minimum air 
temperature at 10 cm above the ground occasionally fell below the freezing 
point, but the water temperature in the basins never became lower than 4.4 
°C (Supplemental Information, Fig. S1). 
In figure 2B the chloride concentration in the different water layers is 
shown as an indicator for the observed ionic salinity changes in the fresh 
and brackish water basins. The Ca2+, Mg2+, Na+, K+, SO4- concentrations 
showed similar patterns (Supplemental Information, Fig. S2). At the start of 
the experiment, Cl- concentrations were evenly distributed throughout the 
water column, both in the fresh and brackish water basins. However, after 
~37 days the top water layer in the brackish water basins became 
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significantly fresher than the middle and the bottom water layers (F(2)= 
12.662, p<0.01). The freshening of the top water layer in the brackish 
basins started at a day that had more than 25 mm of rain (Fig. 2B). At the 
end of the experiment the chloride concentration in the top water layer of 
the brackish water basins had become similar to the chloride concentration 
in the top water layer of the fresh water basins (F(1)=7.143, p>0.05) (Fig. 
0.0
1.0
2.0
3.0
0 5 10 15 20
Sa
lin
ity
(m
g 
L-
1 )
Hours after rain
no Azolla, no wind, top layer no Azolla, no wind, bottom layer
with wind, top layer with wind, bottom layer
with Azolla, top layer with Azolla, bottom layer
with Azolla and wind, top layer with Azolla and wind, bottom layer
-8
-7
-6
-5
-4
-3
-2
-1
0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
D
ep
th
 (c
m
)
Salinity (mg L-1)
no Azolla, no wind with wind
with Azolla with Azolla and wind
Figure 1A
Figure 1B
Figure 1 Interacting effects of Azolla, rain and wind on salinity stratification. (A) Salinity 
(mg L-1 ± standard error) in the top water layers (solid lines) and in the bottom water layers 
(dotted lines) of the beakers in the absence of Azolla (rounds), in the presence of Azolla 
(squares), with no influence of wind (closed figures) or with influence of wind (open 
figures) hours after the rain event. (B) Salinity (mg L-1) profiles in the beakers 20 hours 
after the rain event. 
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2B). This salinity stratification in the brackish water basins also became 
clear from the oxygen concentrations in the different water layers that, as 
opposed to the different water layers in the freshwater basins, showed a 
clear discontinuity between the top surface water layer and the bottom 
water layer (Supplemental Information, Fig. S3).  
At the end of the experiment the dissolved inorganic phosphate 
concentrations in the basins started to increase due to the decomposition of 
dead biomass. The phosphate in the freshwater basins distributed equally 
throughout the water column, but in the brackish water basins the 
phosphate strongly accumulated in the top water layer (F(5)=356.132, 
p<0.001) (Fig. 2C).  
 
DISCUSSION 
The results of the presented research clearly show that when Azolla is 
growing in a brackish water environment it is able to generate small-scale 
salinity stratification (micro-halocline at approximately 5-7 cm) by 
muffling the force of the incoming rain and trapping the rainwater in 
between its biomass. For the Eocene Arctic basin it has been shown that 
salinity stratification was preserved during very long periods and that it was 
especially strong at times when spore abundances of Azolla arctica were 
very high (Brinkhuis et al., 2006; Stickley et al., 2008; Barke et al., 2011). 
The results of this research show that it is plausible that the presence of 
Azolla arctica in the Eocene Arctic basin contributed to the development of 
small-scale salinity gradient within the gradient that had already been 
established due to the enhanced freshwater input via rain and rivers (Huber 
et al., 2003; Speelman et al., 2010), not only by trapping rainwater, but also 
by diminishing the influence of wind action on the mixing of water layers.  
Present day Azolla species have been shown to be able to grow at 
salinities up to 7-10 ‰ (Haller et al., 1974; Deng-Hui et al., 1985). In 
addition, at even higher salt concentrations A. filiculoides may avoid 
salinity stress by shedding of roots as this temporarily prevents the 
development of ionic imbalances within the plant tissue (van Kempen et al. 
2013, Chapter 2 of this thesis). With regard to the Eocene era, such a 
protective mechanism, avoiding salinity stress at temporarily high salt 
concentrations, might have facilitated the expansion of Azolla arctica 
further away from the coast by helping it to survive sudden salinity changes 
and providing it with the opportunity to swiftly generate its own freshwater 
environment before regenerating its roots (Fig. 3).  
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Figure 2 Mesocosm experiment. (A) Development of the biomass density of Azolla 
filiculoides (g dry weight m-2 ± SE) grown in freshwater or brackish water basins. (2B) 
Chloride concentrations and (2C) phosphate concentrations (µM ± SE) in the top, middle 
and bottom water layers of the freshwater and brackish water basins during the mesocosm 
experiment. Significant differences between water layers are indicated by different letters. 
The cumulative amount of rainfall during the experiment (mm) is shown on the right axis 
in figure 2B.  
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In the mesocosm, decreasing temperatures resulted in a net 
mineralization of organic matter towards the end of the experiment. 
Evidently, the mineralization of the biomass mainly occurred in the surface 
water layer within the Azolla cover and, judging on the total dissolved 
phosphate concentration, was equally high in the fresh and brackish water 
basins. In the brackish water basins the nutrients that were released upon 
mineralization accumulated mostly in the top water layer, whereas in the 
freshwater basins these nutrients became distributed more equally 
throughout the water column. Most probably this was due to the salinity 
stratification in the brackish water basins, which can function as a chemical 
barrier (Wetzel, 2001). Usually a halocline prevents phosphorus that is 
released from decomposing organic matter at the bottom of water bodies 
from reaching the water surface (Wetzel, 2001; Slomp & Van Cappellen, 
2007). In a floating Azolla mat, however, salinity stratification apparently 
works in a reverse way by preventing phosphorus that is released from 
biomass mineralization in the top surface water layer from becoming 
dispersed throughout the entire water body. Obviously, this strongly 
increases the potential recycling of nutrients within the system (Fig. 3).  
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Figure 3 Conceptual model showing how Azolla arctica may have colonized the Eocene 
Arctic Ocean using phosphate sources from coastal areas for expansion to the open ocean 
where small-scale salinity stratification allows for efficient recycling of nutrients to sustain 
the standing biomass. 
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Azolla is able to grow at low phosphate concentrations, but adding 
phosphate will almost always result in higher growth rates, even at very 
high concentrations (Tung & Watanabe, 1983; Cary & Weerts, 1992). From 
the current research we conclude that Azolla acts as an ecosystem engineer 
being able to create a small scale salinity gradient within brackish waters in 
which potential salt stress is reduced and the efficient recycling of nutrients 
permits the maintenance of the standing biomass (Fig. 3). As such, we 
might presume that additional inputs of phosphate will ultimately result in a 
further expansion of an Azolla cover if other environmental factors are 
favourable and space is not limiting. With regard to the Eocene the release 
of phosphate from flooded shelf areas adjoining the Arctic basin and the 
entering of phosphate via river discharge, together with the micro-halocline 
enabled nutrient recycling at long distances from the coast, may have 
facilitated the enormous expansion of Azolla arctica from the coastal areas 
to the open ocean. Consequentially, our results may help to understand the 
extent of the Eocene Azolla event and may explain why no intact vegetative 
Azolla remains were found (Brinkhuis et al., 2006) and why the burial 
efficiency of organic carbon was found to be relatively low during this 
interval (Speelman et al., 2009b). 
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Figure S1 Minimum water temperature (° C ± SE) in the top water layers and the bottom 
water layers of the freshwater and brackish water basins and the minimum air 
temperature (° C) at 10 cm above ground level during the mesocosm experiment.  
 
Figure S3 Oxygen concentrations (mg L-1 ± SE) in the top water layers and the bottom 
water layers of the freshwater and brackish water basins during the mesocosm 
experiment. 
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Figure S2 Nutrient concentrations (µM ± standard error) in the freshwater and brackish 
water basins during the mesocosm experiment. (A) Calcium concentrations, (B) 
Magnesium concentrations, (C) Sodium concentrations, (D) Potassium concentrations and 
(E) Sulphate concentrations in the top, middle and bottom water layers of the basins.  
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ABSTRACT 
Azolla spp. occur globally and rank among the fastest growing plants in the world. 
Although natural Azolla stands are usually considered as unwanted aquatic weeds, they 
may at the same time deliver important ecosystem services as a green fertilizer, a 
phytoremediation tool, a renewable biomass and as animal food. Concomitant with global 
climate change increased atmospheric CO2 concentrations can be expected to have a strong 
impact on the biomass production of this fast growing floating fern, although the relative 
and combined effects of CO2 enrichment and climate variables may differ with latitude. 
We therefore investigated the growth of the northernmost occurring species A. filiculoides 
under past (Eocene), present and predicted future CO2 levels in interaction with 
temperature and solar radiation. A. filiculoides showed a doubling in growth as a result of 
CO2 enrichment. However, high temperature and high photosynthetically active radiation 
significantly lowered its maximum growth potential, presumably as a result of a metabolic 
shift as indicated by water loss. In addition, nutrient availability and biomass densities 
significantly regulated growth, and became more important at higher CO2 levels. Our 
results show that temperate Azolla may become more invasive as a result of future climate 
change, thereby negatively affecting biodiversity. In addition, our results may serve as a 
benchmark for potential biomass production and carbon sequestration rates during the 
massive Azolla event in the Eocene, and for the commercial production of Azolla in the 
future. 
 
KEYWORDS: Azolla filiculoides, Eocene, CO2 enrichment, carbon sequestration, 
temperature, photosynthetic active radiation, climate, temperate, cyanobacteria 
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INTRODUCTION 
Azollaceae represent a family of small, free floating freshwater ferns. Its 
fossil record begins in the mid Cretaceous (Collinson, 2001; Collinson, 
2002) and is quite unique. High abundances of fossil spores of Azolla 
arctica, A. jutlandica, A. nova, A. nuda and A. astroborealis (Collinson et 
al., 2009; Collinson et al., 2010; van der Burgh et al., 2013) were found in 
Eocene marine sediments of the central Arctic Ocean and adjacent Nordic 
seas, amongst others, during the Arctic Coring Expedition (ACEX) 
(Brinkhuis et al., 2006). Huge quantities of morphologically intact mature 
megaspores and microspores in the ACEX sediments suggested that A. 
arctica grew and reproduced in situ in the Eocene Arctic Ocean from 49.3 
to 48.1 My before present (Brinkhuis et al., 2006; Barke et al., 2011), when 
this area had a relatively warm climate. Strong ocean water salinity 
stratification (Brinkhuis et al., 2006; Stickley et al., 2008; Waddell & 
Moore, 2008;) and micro-halocline enabled phosphorus recycling (van 
Kempen et al., 2012) have been suggested as facilitating mechanisms 
allowing the massive growth of A. arctica in the Eocene Arctic ocean.   
The occurrence of Azolla during the Eocene coincided with declining 
atmospheric CO2 concentrations (Pearson & Palmer, 2000; Pagani et al., 
2005) and the earliest signs of a climatic shift from greenhouse to icehouse 
(Tripati et al., 2005; Zachos et al., 2008). As global climate is generally 
believed to be forced by changes in atmospheric CO2 concentrations, 
because of their strong and predictable effect on temperature (Pearson & 
Palmer, 2000) it has been suggested that the massive growth of A. arctica 
and its burial in the euxinic deep ocean water layers of the Eocene Arctic 
basin contributed to the greenhouse to icehouse transition by creating a 
significant biological sink for atmospheric CO2 (Brinkhuis et al., 2006; 
Speelman et al., 2009b).   
Extant Azolla spp. occur in wetlands globally and rank amongst the 
fastest growing plants in the world. Although the genus is generally 
considered a noxious weed in natural ecosystems, it is welcomed for its 
applications as a green fertilizer in paddy fields as it is able to fix 
atmospheric dinitrogen (N2) by the activity of its symbiotic cyanobacteria 
Anabaena Azollae (Peters & Mayne, 1974a, b), and also is a strong 
accumulator of phosphorus (Lumpkin & Plucknett, 1982). Furthermore, it 
is widely being applied as a phytoremediation tool for contaminated surface 
waters and wastewaters, and for the production of bio-gas and animal food 
(Wagner, 1997; van Hove & Lejeune, 2002).  
As Azolla spp. fix atmospheric CO2 via the C3 pathway (Ray et al., 
1979) high atmospheric CO2 concentrations may be expected to enhance 
their growth rates. Estimates of atmospheric CO2 concentrations for the 
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Eocene vary between 2–10 times pre-industrial values (Pearson & Palmer, 
2000; Royer et al., 2001; Yapp, 2004; Brinkhuis et al., 2006). Comparably, 
present day atmospheric CO2 concentrations amount to approximately 400 
volume parts per million (ppm) but are estimated to reach values between 
550 and 970 ppm (equal to 600 and 1550 ppm CO2 equivalents) by the end 
of this century, depending on the emission scenarios about future courses of 
economic development, demography and technological changes (IPCC, 
ISAM model, 2007). In temperate regions, where biological process rates 
may still be increased towards optima rather than in warmer regions, the 
relative and combined effects of CO2 enrichment and other climate 
variables are probably stronger (Rosenzweig & Liverman, 1992). Noxious 
floating plant species, such as Azolla, might therefore reach higher densities 
earlier in the year and become more problematic.  
A. filiculoides is the northernmost occurring Azolla species (Lumpkin & 
Plucknett, 1980). It can be found in ditches, ponds and water reservoirs that 
show relatively high phosphorus (P) concentrations (Bloemendaal & 
Roelofs, 1988; Janes, 1998a, b). Nitrogen (N) is often limiting biomass 
production in these waters, which therefore offer a competitive advantage 
to plants and cyanobacteria that, like the Azolla-Anabaena symbiosis, are 
able to fix N2 from the atmosphere to meet their N demand. Besides N 
availability, probably also variation in temperature and solar radiation may 
explain the seasonal abundance of the species and the strong variations 
observed among different years (Peeters et al., 2013).  
In general, light saturation in Azolla photosynthesis occurs at a relatively 
low level of 375 W m-2 (~1590 µmol m-2 s-1 photosynthetically active 
radiation) (Lumpkin & Plucknett, 1980), and as a result the growth of 
Azolla spp. is usually reduced in full sunlight (Wagner, 1997). It should be 
noted though that the effects of light intensity on Azolla growth tend to 
differ with latitude (Wagner, 1997), probably due to the interacting effects 
of other environmental variables such as day length and temperature. The 
optimal temperature range for Azolla spp. is assumed to lie between 18 and 
28 °C (Wagner, 1997). A. filiculoides is often mentioned as being the 
species least tolerant to high temperatures, but most tolerant to low 
temperatures (Watanabe & Berja, 1983; Wagner, 1997; Janes, 1998a, b).  
Relating to past (Eocene), present and predicted future atmospheric CO2 
concentrations here we study the growth responses of temperate A. 
filiculoides at mean diurnal concentrations amounting to 400, 1000 and 
1600 ppm during spring, summer and fall. Besides serving as a benchmark 
for potential biomass production and carbon sequestration rate estimates 
during the massive Azolla event in the Eocene, this study is highly relevant 
for nature management issues in temperate regions where Azolla at present 
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is usually considered a noxious weed leading to biodiversity loss. In 
addition, it provides information about optimal production rates under 
changing climate conditions in temperate regions for emerging initiatives to 
grow A. filiculoides as a cash crop, for instance in paludiculture 
MATERIALS AND METHODS 
Species collection and cultivation 
Azolla filiculoides was collected from a field location in the Netherlands 
(N51º82’29”; E5º87’16”) and cultivated for several months in the 
experimental greenhouse of the Radboud University Nijmegen, The 
Netherlands. Plant stocks were grown in an artificial nutrient solution, of 
which the composition was based on water quality data for natural Azolla 
stands (de Lyon & Roelofs, 1986). It contained 1.75 mM NaHCO3, 1.75 
mM CaCl2, 25 µM NaH2PO4, 1 mM K2SO4, 1 mM MgSO4, 10 µM Fe-
EDTA, 1 µM CuSO4, 20 µM MnCl2, 10 µM ZnSO4, 3 µM Na2MoO4, 20 
µM H3BO3 and 4 µM CoCl2 (Sigma-Aldrich Chemie B.V., Zwijndrecht, 
The Netherlands). No nitrogen was added to the solution. The solution was 
refreshed twice a week.  
Experimental design  
A. filiculoides was grown in glass aquaria with a water volume of 15.6 L 
(LxWxH; 25 cm x 25 cm x 25 cm) and a headspace of 3.4 L. Except for a 
gas overflow outlet the aquaria were air-tight. They were randomly placed 
in a water bath at 15°C to minimize the effect of microclimate differences 
and to buffer the air temperature fluctuations in the greenhouse that were 
relatively large compared to field conditions. The temperature used reflects 
the mean annual temperature of inland surface waters in the Netherlands. 
The underwater parts of the aquaria were kept dark by using light 
impermeable foil around the aquaria.  
A. filiculoides was grown at atmospheric CO2 concentrations set to 400, 
1000 and 1600 ppm CO2. Control measurements taken at midday both 
before and after harvests, on average showed an 8, 17 and 9 % variation 
from the pre-set concentrations respectively. The different atmospheric CO2 
concentrations were attained by mixing compressed air with custom-made 
mixtures of various concentrations of CO2 in synthetic air (Air Liquide, 
Eindhoven, The Netherlands) using mass flow controllers (Bronkhorst Hi-
Tec, Veenendaal, The Netherlands). Each gas mixture was uniformly 
distributed among the headspaces of the aquaria in order to refresh the total 
air volume of each aquarium every 5 minutes. CO2 concentrations in the 
headspaces of the aquaria were monitored by taking air samples at the gas 
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overflow outlets using syringes, and measuring them directly using an 
Infrared Gas Analyser (IRGA, type ABB Advance Optima, Ettenleur, The 
Netherlands). To study the interacting effect of atmospheric CO2 
concentrations and seasonal variation in photosynthetic active radiation 
(PAR) and temperature (T), experiments were conducted in early spring, 
summer and early fall 2008. During the summer of 2008 cyanobacterial 
blooms in the aquaria severely reduced the growth of A. filiculoides. The 
experiment was therefore repeated during the summer of 2009 at a higher 
biomass density. The characteristics for PAR and T during the experiments 
are summarized in table 1. The 2008 experiments included 8 replicas per 
CO2 concentration, whereas the summer 2009 experiment included 4 
replicas per CO2 concentration. All experiments lasted 27 days. 
 
Table 2 Photosynthetic active radiation (PAR) and mean, maximum and minimum 
temperature (T mean, T max, T min) measured daily in the different seasons ± their SEs 
(n=27). Significant differences between seasons, as determined with Bonferroni post hoc 
analyses, are indicated by different letters. 
 
 
ANOVA spring 
‘08 
summer 
‘08 
fall 
‘08 
summer 
‘09 df F p 
PAR 3 18.151 <0.001 634±73 a 
1295±69 
b 
1016±69 
c 
1253±65 
bc 
T mean 3 116.178 <0.001 18.9±0.1 a 
23.2±0.2 
b 
22.2±0.2 
c 
24.0±0.3 
b 
T max 3 36.001 <0.001 23.0±0.4 a 
28.5±0.6 
bc 
27.2±0.4 
b 
30.0±0.8 
c 
T min 3 30.97 <0.001 16.2±0.0 a 
18.3±0.3 
b 
17.8±0.3 
b 
19.5±0.3 
c 
 
Plant Growth  
The 2008 experiments were started by introducing 10 g of fresh A. 
filiculoides in each aquarium, covering approximately a quarter of the water 
surface. Total fresh biomass in each aquarium was determined weekly by 
collecting the plants from the aquaria and carefully blotting them dry with 
tissue paper before weighing. Only 10 g of fresh Azolla was returned into 
the aquaria to prevent overcrowding, while the rest of the biomass was 
dried (48 h, 60 0C) to calculate moisture contents and dry weight (dw) 
production rates, and for the analyses of nutrient composition. The 2009 
summer experiment was started with 25 g of fresh A. filiculoides, covering 
65 % of the water surface. In this experiment the plants were only harvested 
at the end (after 27 days).  
Cumulative biomass was calculated on a dw basis by subtracting the 
calculated dw at the beginning of the sampling period from the dw at the 
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end of the sampling period and adding this to the cumulative biomass of the 
previous sampling period. Also, to correct for the initial biomass 
differences between the 2008 experiments and the 2009 experiment, 
relative growth rates (RGRs) were calculated on a dry weight basis:  
RGR (g g-1 dw day-1) = (ln W2 - ln W1) / (t2 – t1),  
where W1 and W2 represented the dw at the beginning (t1) and end (t2) of 
the sampling period.  
 
Plant nutrient analyses 
Dried plant material was ground in liquid nitrogen after which 200 mg of 
the plant material was digested in 4 mL HNO3 (65%) and 1 mL H2O2 
(35%) (Kingston & Haswell, 1997) in Teflon vessels heated in an Ethos D 
microwave (Milestone, Sorisole Lombardy, Italy). The digestates were 
analysed for elemental P concentrations using an inductively coupled 
plasma emission spectrophotometer (ICP-OES; model IRIS Intrepid II 
XDL, Thermo Fisher Scientific, Franklin USA). For analyses of total C and 
total N concentrations the ground plant material was further homogenized 
using a ball mill (type Mixer Mill 301, Retsch GmbH, Germany). 2 mg of 
the plant material was weighed in pressed ultra-light-weight tin capsules 
that were analysed by an elemental CNS analyser (model EA 1110, Carlo 
Erba; Thermo Fisher Scientific, Franklin, USA). In both the elemental 
composition analyses and in the plant total C and N analyses standard 
references were included. From the plant nutrient concentrations and the 
plant biomasses nutrient sequestration was calculated for each sampling 
period: (Biomasst=2 x Nutrient Concentrationt=2) - (Biomasst=1 x Nutrient 
concentrationt=1). These were used to calculate nutrient sequestration rates 
expressed as kg ha-1 year-1.  
 
Nutrient solution analyses 
Fresh nutrient solution was supplied at a rate of 0.2 L h–1 from 
containers using peristaltic pumps. The water level was kept at a constant 
level by means of an overflow outlet. Nutrient solutions of all aquaria were 
sampled weekly for nutrient analyses using 30 mL acid rinsed glass bottles. 
Total concentrations of Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si and Zn were 
determined by means of ICP-OES (model IRIS Intrepid II XDL, Thermo 
Fisher Scientific, Franklin, USA) using standard references. Fe, Mn and P 
concentrations in the aquaria showed small fluctuations during the 
experiments and on average decreased by 20, 25 and 18 % respectively 
during the experiment, whereas all other nutrient concentrations remained 
at their pre-set concentrations (data not shown).  
pH was measured using an electrode with a double Ag⁄AgCl reference 
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(model, HI 1043; Hanna Instruments, IJsselstein, The Netherlands) and 
total inorganic carbon (TIC) as CO2 on an infrared carbon analyzer (IRGA; 
model ABB Advance Optima, Zurich, Switzerland) after conversion of all 
TIC to CO2 in 2.1 % phosphoric acid and stripping by N2. Neither pH, nor 
TIC showed differences among the different atmospheric CO2 treatments 
during the different seasons (data not shown). 
 
Statistical analysis 
We used IBM SPSS Statistics 20 for Windows. Mixed Linear Models 
(MLM) were used for analyses of the plant growth rates, plant moisture 
contents and plant nutrient concentrations. Time was nested as a repeated 
co-variable of the aquaria and covariance type was selected based on the 
smallest Akaike's Information Criterion. Season (spring ’08, summer ’08, 
fall ’08, summer ’09) and atmospheric CO2 concentration (400 ppm, 1000 
ppm, 1600 ppm) were entered as fixed factors. Pairwise comparisons were 
made based on estimated marginal means and these were adjusted for 
multiple comparisons using Bonferroni. When the MLM gave a significant 
interaction effect between season and atmospheric CO2 data was further 
analysed per season using ANOVA with atmospheric CO2 concentration as 
a fixed factor. Cumulative biomasses and nutrient sequestration rates were 
analysed using ANOVA considering the effects of season and atmospheric 
CO2 concentration and their interaction. Pairwise comparisons were made 
based on estimated marginal means and when a significant interaction was 
found data was further analysed per season. Differences in climate variables 
(PAR and T) were analysed using ANOVA with season as a fixed factor. In 
the ANOVAs where only season or atmospheric CO2 was considered as a 
fixed factor, differences were determined using Bonferroni post hoc 
analyses. When Levene’s Test returned a significant result Games Howell 
post hoc analyses were used. In all statistical analyses care was taken that 
the model’s assumptions were met. For this purpose some data was 
transformed: Square root (SQRT) (Cumulative biomass), Natural logarithm 
(Log) (dry weight/fresh weight ratio) (i.e. for moisture content), SQRT 
(SQRT (P concentration)), SQRT (P sequestration rate), Log (SQRT (N 
concentration)), SQRT (N sequestration rate),  Log (SQRT (C 
concentration)), SQRT (C sequestration rate), SQRT (SQRT (T mean)), 1/ 
SQRT (T max).  
To allow us to identify the variable that was the most dominant 
determinant for the growth rates a linear regression analyses was conducted 
with RGR as the dependent variable and the factor scores of the 
atmospheric CO2 concentration, maximum and minimum PAR, and 
maximum and minimum air T as the predictor variables. Mean PAR and 
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mean air T were excluded because these variables were mutually too highly 
correlated. The factor scores of the predictor variables were obtained by 
performing a factor analysis on the z-scores of the weekly averages 
(Extraction Method: Principal Component Analysis; Rotation Method: 
Varimax with Kaiser Normalisation). Similar regression analyses were 
performed per CO2 treatment to study possible differences in the effects of 
the climate variables on the RGRs of the plants. 
RESULTS 
Plant growth 
 In spring ’08 A. filiculoides grew very well. Just before the weekly 
harvests, the plants generally covered the water surface completely. In all 
three CO2 treatments the plant covers were multi-layered and green, 
especially for the highest CO2 treatment with their leaves sometimes in a 
more upright position. In fall ’08 Azolla also grew well, though in this 
experiment the plant covers were a bit more compact and some plants had 
turned darker green, especially at the higher atmospheric CO2 
concentrations. In summer ’08 A. filiculoides did not gain much biomass 
between sampling moments, and cyanobacteria started to grow among the 
plants. At the end of the last sampling period the plants mostly occurred in 
single-layered groups that were almost completely enclosed by a relatively 
thick floating cyanobacterial bed. Many of the plants had turned from green 
to dark green and red (Fig. 1A). In a light microscopic examination of the 
floating cyanobacterial bed, Anabaena spp., Planktothrix spp., and Nostoc 
spp. were recognized. In summer ’09, where the initial biomass density of 
the plants was higher and plants were not harvested during the experiment, 
the cyanobacterial growth was less, the Azolla was frequently multi-layered 
and was greener as compared to the summer ’08 experiment (Fig. 1B). 
Figure 1 (A) A. filiculoides in the summer ’08 experiment and (B) in the summer ‘09 
experiment growing at an atmospheric CO2 concentration of 1600 ppm. In ’08, plants were 
red and occurred in monolayers which were enclosed by cyanobacterial beds. In ’09 plants 
appeared in multilayers and only the top plants were sometimes red. 
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In line with the general appearances of the plants in the different 
experiments the cumulative biomasses of A. filiculoides (Fig. 2A) differed 
among seasons (Table 2). Highest cumulative biomasses were obtained in 
spring ’08, and lowest in summer ’08. The cumulative biomasses of the fall 
’08 and summer ’09 experiments were equally high. They were lower than 
those in spring ’08, but higher than in summer ’08. Higher CO2 
concentrations generally resulted in higher cumulative biomasses, but the 
dose responses differed among seasons (Table 2). In spring ’08 (ANOVA: 
F(2)=74.78, p<0.001) and fall ’08 (ANOVA: F(2)=47.26, p<0.001), the 
cumulative biomasses of A. filiculoides increased with increasing CO2 
concentrations. In spring ’08 the cumulative biomass of the plants grown at 
the highest CO2 treatments (1600 ppm) amounted to 7 g dry weight, which 
was 1.4 and 2.5 times higher than the cumulative biomass of the plants 
grown at 1000 ppm and 400 ppm atmospheric CO2 respectively. The 
cumulative biomasses of A. filiculoides in fall ’08 were somewhat lower, 
amounting to 5.56±0.2, 4.58±0.19 and 3.06±0.14 (average ± SE) g dw in 
the 1600, 1000 and 400 ppm CO2 treatments respectively. In the summer 
’08 experiment a difference was only found between the 400 and 1000 ppm 
CO2 treatments (ANOVA: F(2)=3.90, p<0.05). In summer ’09 no 
differences were found (ANOVA: F(2)=3.89, ns) but there was still a trend 
(p=0.061) of increasing cumulative biomasses with higher atmospheric CO2 
concentrations.   
Relative growth rates (RGRs) of A. filiculoides (Fig. 2B) differed among 
seasons (Table 2). Highest RGRs were measured in spring ’08, followed by 
those in fall ‘08, summer ‘08 and summer ’09. Higher atmospheric CO2 
concentrations generally resulted in higher RGRs, but there were 
differences among seasons (Table 2). In spring ’08 RGRs increased with 
increasing concentrations, but only up to 1000 ppm CO2 (ANOVA: 
F(2)=15.41, p<0.001). The same was true for the RGRs measured in fall 
’08 (ANOVA: F(2)=11.69, p<0.001). In summer ’08 CO2 had no effect on 
RGR (ANOVA: F(2)=1.57, ns) and also in summer ’09 the effects of CO2 
enrichment were less pronounced (ANOVA: F(2)=5.00, p<0.05). A 
difference was only found for RGRs between the 400 ppm CO2 and 1600 
ppm CO2 treatments. 
Moisture contents of A. filiculoides (Fig. 2C) differed among seasons 
(Table 2). In spring ’08 and summer ’09 they were higher than in fall ’08. 
In the summer ’08 experiment they were lowest. Higher atmospheric CO2 
concentrations reduced the moisture contents of the plants, regardless of the 
season (Table 2). 
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Table 2 Results of the ANOVA considering the effects of season and atmospheric CO2 and 
their interacting effect on the cumulative biomass of A. filiculoides after 27 days, and the 
results of the MLMs, considering the effects of season and atmospheric CO2 and their 
interacting effect on the RGRs and moisture contents of the plants.  
 
Cumulative Biomass (g dw) 
ANOVA 
 df F p 
Bonferroni adjusted pairwise 
comparisons 
season 3 68.83 <0.001 
spring '08 a 
summer '08 b 
fall '08 c 
summer '09 c 
CO2 2 65.56 <0.001 
400 a 
1000 b 
1600 c 
season x 
CO2 
6 5.41 <0.001   
Relative Growth Rate (g g-1 dw day-1) 
MLM 
(Covariance 
Type: First 
Order Ante 
Dependence) 
 df F p 
Bonferroni adjusted pairwise 
comparisons 
season 3 536.51 <0.001 
spring '08 a 
summer '08 b 
fall '08 c 
summer '09 d 
CO2 2 100.64 <0.001 
400 a 
1000 b 
1600 c 
season x 
CO2 
6 13.34 <0.001   
Moisture content (%) 
MLM 
(Covariance 
Type: Toeplitz) 
 df F p 
Bonferroni adjusted pairwise 
comparisons 
season 3 54.87 <0.001 
spring '08 a 
summer '08 b 
fall '08 c 
summer '09 a 
CO2 2 26.61 <0.001 
400 a 
1000 b 
1600 c 
season x 
CO2 
6 1.12 ns   
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Figure 2A
Figure 2B
Figure 2C
 Figure 2A Cumulative biomass (g DW) after 27 
days at different 
atmospheric CO2 
concentrations (400, 1000 
and 1600 ppm) during 
early spring (n=8), 
summer (n=8) and early 
fall (n=8) 2008, and 
summer 2009 (n=4) 
(average ± SE). Note that 
the initial biomass in the 
summer ’09 experiment 
was higher than in the 
2008 experiments.  
(B) Relative growth rates 
(g g-1 dw day-1) of A. 
filiculoides grown at 
different atmospheric 
CO2 concentrations (400, 
1000 and 1600 ppm) 
during early spring 
(n=24), summer (n=32) 
and early fall (n=32) 
2008 and summer 2009 
(n=4) (average ± SE).  
(C) Moisture contents (% 
weight) of A. filiculoides 
grown at different 
atmospheric CO2 
concentrations (400, 1000 
and 1600 ppm) during 
early spring (n=32), 
summer (n=40) and early 
fall (n=40) 2008 and 
summer 2009 (n=8) 
(average ± SE). Note that 
the y-axis intercept is at 
90 %. Differences 
(Bonferroni post hoc test) 
are indicated by different 
letters and are specified 
separately for each 
season. For statistical 
results on moisture 
contents see table 2. 
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Plant growth in relation to climate variables 
The linear regression model we used was able to predict 65 % (R2= 
0.650) of the data and showed that atmospheric CO2 and maximum and 
minimum PAR and T had a significant effect on the relative growth rates of 
the plants (ANOVA: F(5) =14.515, p<0.001 (SI Table 1). Although PAR 
and T were correlated the factor analyses and interpretation of the rotated 
component matrix made it possible to discern their individual effects on the 
growth of A. filiculoides. Minimum air T was most dominant in 
determining the growth rate of the plants, directly followed by maximum 
air T. Next, and successively came minimum and maximum PAR and 
atmospheric CO2 concentration (SI Table 1). Running the linear regression 
model on the individual atmospheric CO2 treatments showed that minimum 
and maximum air Ts were the only climate variables that could 
significantly explain the RGR variation of A. filiculoides in the 400 and 
1000 ppm treatment. PAR became an additional predictor variable only at 
1600 ppm atmospheric CO2 (SI Table 1).    
 
Plant nutrient analyses 
P concentrations in A. filiculoides were lower in fall ’08 than in the other 
seasons (Table 3). Higher atmospheric CO2 concentrations generally 
resulted in lower plant P concentrations but not to the same extent for the 
different seasons (Table 3). In spring ’08 (ANOVA: F(2)= 22.73, p<0.001), 
summer ’08 (ANOVA: F(2)=8.03, p<0.001) and fall ’08 (ANOVA: F(2)= 
14.75, p<0.001) P concentrations only decreased up to 1000 ppm CO2, 
whereas no differences were found for the summer ’09 experiments 
(ANOVA: F(2)= 0.35, p<0.001) (Table 3).  
P sequestration rates were higher in spring ’08 than in summer ’08 and 
fall ’08, whereas lowest rates were measured during summer ’09 (Table 3). 
Plants grown at the highest atmospheric CO2 treatment (1600 ppm) 
generally sequestered more P than those grown at the lowest atmospheric 
CO2 treatment (400 ppm) (Table 3). There were no differences in plant 
responses to CO2 enrichment among seasons (Table 3). 
Plant N concentrations were significantly higher in spring ’08 and fall 
’08 than in summer ’09 and lowest in summer ’08 (Table 4). Generally, N 
concentrations decreased with increasing atmospheric CO2 but not to the 
same extent for the different seasons (Table 4). In spring ’08, plant N 
concentrations decreased at higher atmospheric CO2 concentrations 
(ANOVA: F(2)= 26.51, p<0.001), whereas in fall ’08 N concentrations only 
decreased for the lowest two CO2 treatments (ANOVA: F(2)= 62.11, 
p<0.001). For both summer ’08 (ANOVA: F(2)= 0.29, ns) and summer ’09 
(ANOVA: (F)= 1.70, ns) no differences were found (Table 4).  
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N sequestration rates were highest in spring ’08, followed by those in 
fall ‘08, summer ’09 and summer ’08 (Table 4). They generally increased at 
higher atmospheric CO2 concentrations, but only for the lowest two CO2 
treatments (Table 4). There were, however, differences among seasons 
(Table 4). In spring ’08, N sequestration rates increased at higher CO2 
concentrations (ANOVA: F(2)= 31.68, p<0.001). This was also true for the 
fall ’08 experiment, though only between the 400 ppm and 1600 ppm 
atmospheric CO2 (ANOVA: F(2)=6.10, p<0.01). In summer ’08 (ANOVA: 
F(2)= 2.99, ns) and summer ’09 (ANOVA: F(2)=2.91, ns) plant N 
sequestration rates were not affected by atmospheric CO2 concentrations 
(Table 4). 
C concentrations in A. filiculoides were found to differ among seasons 
(Table 5). They were highest in fall ’08, followed by spring ’08, summer 
’09 and summer ’08. Unlike for P and N, there was no effect of the 
atmospheric CO2 concentration on the C concentrations of the plants. 
However, small differences were found among seasons (Table 5). In 
summer ’08 plant C concentrations in the 1000 and 1600 ppm CO2 
treatments were higher than those in the 400 ppm treatment (ANOVA: 
F(2)= 6.01, p<0.01). In fall ‘08 C concentrations in the 1000 ppm 
atmospheric CO2 treatment were significantly higher than those in the 1600 
ppm treatment (ANOVA: F(2)= 3.17, p<0.05). Spring ’08 (ANOVA: F(2)= 
0.11, ns) and summer ’09 (ANOVA: F(2)= 0.87, ns) did not show 
differences among CO2 treatments (Table 5).  
Plant C sequestration rates were significantly different among seasons 
(Table 5). Most C was sequestered by the plants grown in spring ‘08, 
followed those grown in fall ‘08, summer ’09 and summer ’08. Higher 
atmospheric CO2 concentrations generally resulted in higher C 
sequestration rates, but not to the same extent in all seasons (Table 5). In 
spring ’08 (ANOVA: F(2)= 75.28, p<0.001) and fall ’08 (ANOVA: F(2)= 
41.00, p<0.001) C sequestration increased at higher atmospheric CO2 
concentrations, whereas summer ’08 only showed a difference between 400 
and 1000 ppm CO2 (ANOVA: F(2)= 7.15, p<0.01) (Table 5). In summer 
’09 C sequestration rates of A. filiculoides in the 400 ppm CO2 treatment 
were lower than in the other two treatments (ANOVA: F(2)= 4.41, p<0.05), 
but this was not specified by the post hoc analyses (Table 5). 
  
AZOLLA  AND EFFECTS OF CO2, T AND PAR 
 
75 
 
Table 3 P concentrations (µmol g-1 dw) and P sequestration rates (kg ha-1 y-1) of A. 
filiculoides grown at different atmospheric CO2 concentrations (400, 1000 and 1600 ppm) 
during spring, summer and fall 2008 and summer 2009 ± their SEs (concentrations: n = 24, 
32, 32, 4 respectively; sequestration rates: n = 8, 8, 8, 4 respectively), including the results 
of the statistical analyses. Differences between atmospheric CO2 treatments are indicated 
by different letters and are specified separately for each season.  
 
MLM (Covariance Type: Toeplitz) Plant P Concentrations 
 df F p  Bonferroni adjusted pairwise comparisons 
season 3 147.94 <0.001 
spring 
'08 a 
summer 
'08 a 
fall '08 b 
summer 
'09 a 
CO2 2 30.81 <0.001 
400 a 
1000 b 
1600 b 
season 
x CO2 
6 3.26 <0.01  spring '08 
summer 
'08 fall '08 
summer 
'09 
Bonferroni/ Games Howell* 
400 164±5 a 122±3 a 93±4 a* 140±17 
1000 119±5 b 110±3 b 63±4 b* 123±24 
1600 106±6 b 105±3 b 67±4 b* 123±23 
ANOVA Plant P Sequestration Rates 
 df F p  Bonferroni adjusted pairwise comparisons 
season 3 119.16 <0.001 
spring 
'08 a 
summer 
'08 b 
fall '08 b 
summer 
'09 c 
CO2 2 4.19 <0.001 
400 a 
1000 ab 
1600 b 
season 
x CO2 
6 1.58 ns  spring '08 summer '08 fall '08 
summer 
'09 
Bonferroni/ Games Howell* 
400 31.7±1.9 13.4±1.2 17.5±1.1 3.4±0.7 
1000 32.9±1.7 16.7±1.1 16.0±2.2 6.1±2.5 
1600 37.1±1.5 14.0±1.7 21.3±2.0 7.3±1.1 
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Table 4 N concentrations (µmol g-1 dw) and N sequestration rates (kg ha-1 year-1) of A. 
filiculoides grown at different atmospheric CO2 concentrations (400, 1000 and 1600 ppm) 
during spring, summer and fall 2008 and summer 2009 ± their SEs (concentrations: n = 24, 
32, 32, 4 respectively; sequestration rates: n = 8, 8, 8, 4 respectively), including the results 
of the statistical analyses. Differences between atmospheric CO2 treatments are indicated 
by different letters and are specified separately for each season.  
 
MLM (Covariance Type: Heterogenous Toeplitz) Plant N Concentrations 
 df F p  Bonferroni adjusted pairwise comparisons  
season 3 661.15 <0.001 
spring 
'08 a 
summer 
'08 b 
fall '08 a 
summer 
'09 c 
CO2 2 35.59 <0.001 
400 a 
1000 b 
1600 c 
season 
x CO2 
6 12.84 <0.001  spring '08 
summer 
'08 fall '08 
summer 
'09 
Bonferroni/ Games Howell* 
400 2074 ±199 a* 1294±42 
2751 
±61 a* 1851±25 
1000 1754 ±162 b* 1304±46 
2207 
±30 b* 1863±70 
1600 1605 ±147 c* 1264±48 
2123 
±32 b* 1739±45 
ANOVA Plant N Sequestration Rates  
 df F p  Bonferroni adjusted pairwise comparisons  
season 3 193.29 <0.001 
spring 
'08 a 
summer 
'08 b 
fall '08 c 
summer 
'09 d 
CO2 2 24.68 <0.001 
400 a 
1000 b 
1600 b 
season 
x CO2 
6 3.43 <0.01  spring '08 
summer 
'08 fall '08 
summer 
'09 
Bonferroni/ Games Howell*  
400 272±18 a 50±8 253±12 a 97±28 
1000 377±12 b 82±12 286 ±17 ab 227±57 
1600 463±21 c 62±8 327±17 b 200±40 
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Table 5 C concentrations (µmol g-1 dw) and C sequestration rates (kg ha-1 year-1) of A. 
filiculoides grown at different atmospheric CO2 concentrations (400, 1000 and 1600 ppm) 
during spring, summer and fall 2008 and summer 2009 ± their SEs (concentrations: n = 24, 
32, 32, 4 respectively; sequestration rates: n = 8, 8, 8, 4 respectively), including the results 
of the statistical analyses. Differences between atmospheric CO2 treatments are indicated 
by different letters and are specified separately for each season.  
 
MLM (Covariance Type: Heterogeneous First Order Autoregressive) Plant C Concentrations 
 df F p  Bonferroni adjusted pairwise comparisons  
season 3 224.27 <0.001 
spring 
'08 a 
summer 
'08 b 
fall '08 c 
summer 
'09 d 
CO2 2 2.34 ns 
400  
1000  
1600  
season 
x CO2 
6 2.46 <0.05  spring '08 
summer 
'08 fall '08 
summer 
'09 
Bonferroni/ Games Howell* 
400 34680 ±124 
32820 
±46 a 
34856 
±79 ab 
33162 
±197 
100 34592 ±152 
33055 
±62 b 
35029 
±65 a 
33291 
±275 
1600 34617 ±140 
33063 
±59 b 
34780 
±70 b 
33701 
±389 
ANOVA Plant C Sequestration Rates 
 df F p  Bonferroni adjusted pairwise comparisons  
season 3 85.99 <0.001 
spring 
'08 a 
summer 
'08 b 
fall '08 c 
summer 
'09 d 
CO2 2 72.11 <0.001 
400 a 
1000 b 
1600 c 
season 
x CO2 
6 5.99 <0.001  spring '08 
summer 
'08 fall '08 
summer 
'09 
Bonferroni/ Games Howell* 
400 2587 ±136 a 
1240 
±99 a 
2447 
±118 a 1525±398 
1000 4660 ±160 b 
1909 
±126 b 
3807 
±184 b 3525±752 
1600 6569 ±381 c 
1696 
±158 ab 
4658 
±233 c 
3831 
±705 
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DISCUSSION 
Plant growth responses in relation to atmospheric CO2 and climate 
variables  
The objective of this study was to investigate the interacting effects of 
atmospheric CO2 enrichment and seasonal variation on the growth 
responses of temperate A. filiculoides. In line with our hypothesis, the 
results show that its growth strongly increased with increasing atmospheric 
CO2 concentrations. A fourfold increase in atmospheric CO2 led to a 
twofold growth stimulation. However, high T and high PAR significantly 
lowered the maximum growth potential of the plants. High T exerted 
negative effects on plant growth independent of the atmospheric CO2 
concentration, whereas additional negative effects were noticed at high 
PAR in the 1600 ppm atmospheric CO2 treatment.  
These results, showing that a rise in T and PAR may tone down the 
fertilization effect of CO2, are in contrast to results obtained for the 
subtropical species A. pinnata. CO2 enrichment generally enhanced the 
survival of this species at mean daily temperatures of up to 34 °C (Idso et 
al., 1989), while stimulating its photosynthesis at high PAR (up to 1200 W 
m-2)(Allen et al., 1988). The different outcome in our research may have 
resulted from differences in summer day lengths which are generally 
shorter at lower latitudes as compared to higher latitudes. In addition, they 
may be explained by phenotypical and ecotypical differences among Azolla 
species with respect to their temperature optima and sensitivity to high light 
intensities (Uheda et al., 1999; Lechno-Yossef & Nierzwicki-Bauer, 2002). 
Unlike for subtropical Azolla strains (Allen et al., 1988; Idso et al., 1989; 
Cheng et al., 2010) we found a strongly negative effect of high 
temperatures on growth of temperate A. filiculoides independent of the 
atmospheric CO2 concentration.  
The growth of A filiculoides in summer was very probably also strongly 
affected by the growth of free-living cyanobacteria that formed relatively 
thick mats (~2-3 mm) on the water surface. In summer ’08 the density of 
free-living cyanobacteria was much higher than in the summer ’09 
experiment, which can probably be explained by the fact that the plants in 
the summer ’08 experiment were frequently harvested which lowered their 
competitive strength. Possibly, the growth of the Azolla–Anabaena 
association in summer ‘08 was further deteriorated due to allelopathic 
compounds excreted by the cyanobacterial beds (Gross, 2003). Evidently, 
the higher biomass densities of A. filiculoides in the summer ’09 
experiment prevented cyanobacterial blooms. Besides the competitive 
advantage by number, crowding of Azolla possibly also reduced local T and 
PAR, thereby decreasing free living cyanobacterial growth. With respect to 
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future climate change scenarios, our results suggests that temperate A. 
filiculoides will increase its biomass production rates in response to 
elevated atmospheric CO2 concentrations in spring and autumn but will 
only be able to profit in summer as long as it is able to completely cover the 
surface water and as long as very high air T and high PAR do not occur. 
 
Growth limitations 
A. filiculoides generally showed lower tissue N and P concentrations at 
higher CO2 levels then at ambient concentrations in the 08 experiments. 
This shows that nutrient availability becomes increasingly important at 
higher CO2 levels due to increasing RGRs. Nutrient limitation may cause 
starch accumulation, especially at higher CO2 concentrations as these may 
change the source to sink ratio in plants (Idso & Kimball, 1988; 
Geigenberger, 2011). Starch accumulation in turn may lower plant moisture 
contents and alter the fixed carbon sources within the plant tissue (Idso & 
Kimball, 1988; Geigenberger, 2011), which may explain the differences in 
moisture contents and plant C concentrations among seasons and CO2 
treatments, especially for the fall and summer ’08 experiments.  
In summer ’08 plant N concentrations became much lower as compared 
to the other seasons. Since no N was added to the nutrient solutions, this 
suggests that the nitrogenase activity of Anabaena Azollae, living inside the 
leave cavities of A. filiculoides, was reduced. Bar et al. (1991) have shown 
that nitrogenase activity of A. Azollae is directly regulated by light, 
increasing significantly at wavelengths between 690 and 710 nm. They 
suggested that nitrogenase activity in the Azolla-Anabaena association is 
inhibited by O2 produced by photosynthesis. The plants in the summer 
seasons were exposed to longer day lengths than those in spring and fall. In 
addition PAR sometimes exceeded the light saturation level of 1590 µmol 
m-2 s-1 (Lumpkin & Plucknett, 1980). Both the relatively longer 
photoperiod and the high light intensities may therefore have contributed to 
a relatively high O2 production in the leaves of A. filiculoides during 
summer ’08, inhibiting nitrogenase activity of the cyanobiont and hence N 
availability for Azolla. High O2 concentrations may also have contributed to 
increased photorespiration in Azolla (Ray et al., 1979; Bar et al., 1991), 
especially at the high Ts occurring during summer seasons (Ainsworth & 
Rogers, 2007). The red colour of A. filiculoides in the summer ’08 
experiment, caused by anthocyanins, furthermore suggest that the plants 
were suffering from photoinhibition. Bright sunlight generally contains a 
relatively higher contribution of blue light to the total radiation sum 
whereas these phenolic compounds are usually produced by plants to 
protect their photosynthetic apparatus, also in response to high T (Moore, 
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1969; Lumpkin & Plucknett, 1980; Wagner, 1997). In summary, we show 
that nutrient availability becomes more important at higher atmospheric 
CO2 concentrations due to its growth enhancing effect. In addition we show 
that high T and high PAR affect the N concentrations in temperate A. 
filiculoides, most likely by inducing photorespiration and photoinhibition, 
which both may limit growth either directly, or indirectly via A. Azollae.  
 
Crowding effects 
In contrast to summer ’08, results of the summer ’09 experiment show 
that plant growth was not limited by N. As climatic variables did not differ 
between both summer seasons, this can be attributed to the differences in 
biomass density. The initial biomass was higher in ’09 than in ’08 and 
plants were not harvested during the experiment. Higher biomass densities 
caused severe crowding and lowered the RGRs of the plants substantially, 
and likely contributed to the preservation of adequately high N 
concentrations. In addition, self-shading resulting from crowding, may have 
reduced temperatures and PAR at the bottom side of the Azolla cover 
thereby locally lowering O2 evolution in the leaves and securing the 
nitrogenase activity of the internal Anabaena Azollae community. This 
would explain why plants produced less anthocyanins and were much 
greener in summer ’09 than in summer ’08. Our results show that crowding 
enables A. filiculoides to better survive unfavourable summer conditions 
and avoid the growth of cyanobacterial beds in the surface water.  
 
C sequestration potential and other ecosystem services in past, present 
and future climates  
Changes in atmospheric CO2 concentrations are commonly regarded as a 
mechanism forcing global climate change on geological time scales because 
of the strong and predictable effect of CO2 on air temperature (Pearson & 
Palmer, 2000). Here we showed a strong effect of atmospheric CO2 
enrichment on the C sequestration rates of A. filiculoides. At ambient 
atmospheric CO2 concentrations C uptake in the spring ‘08 experiment 
amounted to 2587 kg ha-1 y-1 and increased up to 4660 and 6569 kg ha-1 y-1 
for the 1000 and 1600 ppm CO2 treatments respectively. For comparison C 
sequestration rates by Azolla at ambient atmospheric CO2 concentrations 
were 0.7 times that of Dutch production reedlands, equally large as those 
found for grasslands, 2.5 times those of forests and 3.5 times those of 
heathlands (Spijker et al., 2007). Under elevated atmospheric CO2 
conditions Azolla will sequester C at significantly higher rates than under 
present-day circumstances. For the Eocene Azolla interval, Speelman et al. 
(2009b) computed that the massive growth and burial of Azolla may have 
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resulted in a 0.9 1018 – 3.5 1018 g carbon storage giving rise to a potential 
55 to 470 ppm drawdown of global atmospheric CO2. From that it may be 
concluded that Azolla blooms, at magnitudes like in the Eocene Arctic 
Ocean, may have had a significant effect on global climate, given that the 
carbon sequestered by the plants remained in storage.  
We have also shown that T and PAR may tone down biomass production 
rates of temperate Azolla and hence its sequestration rates for C, P and N, 
as summarized in figure 3. In addition, we have shown that nutrient 
availability and biomass densities may significantly regulate plant growth, 
which has also been shown for the duckweed Spirodela punctate 
(Chaiprapat et al., 2005). The effects of nutrient availability become more 
important when CO2 becomes higher whereas the effects of biomass 
density become more important at high T and PAR which also favor the 
growth of growth of cyanobacterial beds. In contrast to C and N 
sequestration rates, P uptake by A. filiculoides seemed less dependent on 
biomass density (Fig. 3) which probably results from its unusual high P 
demand and its ability to take up P luxuriously (Lumpkin & Plucknett, 
1980; Lumpkin & Plucknett, 1982). Besides crowding, also too low 
biomass densities may reduce the RGRs of Azolla under given conditions, 
amongst others, due to increased competition with free living cyanobacteria 
(van Hove, 1989). 
Our results support the existence of massive Eocene Azolla occurrences 
as ambient CO2 concentrations reached over 2000 ppm during the early 
Eocene, while maximum annual temperatures at the Arctic are assumed to 
have been around 25 °C (Basinger et al., 1994; Greenwood et al., 2010). 
Furthermore, Eocene Azolla may have benefited from growing at high 
latitudes combined with an intensified hydrological cycle (Huber et al. 
2003; Speelman et al. 2010) that is likely to have increased cloud cover and 
thereby may have limited days with high light intensities.  
With respect to future climate change our results suggest that in 
eutrophic waters, temperate Azolla species may become more invasive as a 
result of increased CO2 concentrations. Higher CO2 concentrations will 
result in increased growth during spring and increased coverage of surface 
waters, at least at the start of the summer period. This will give the Azolla-
Anabaena populations a competitive advantage over free-living 
cyaonobacteria which tend to become abundant in eutrophic waters during 
mid-summer and which may cause serious water quality and health 
problems. Although A. filiculoides is considered a noxious weed in many 
areas worldwide as it generally causes significant biodiversity loss, there 
are several initiatives emerging in which the species is being used for the 
mitigation of CO2 emissions and for soil remediation. The latter application  
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Figure 3 (A) Sequestration 
rates for C, (B) P and (C) N (kg 
ha-1 y-1) plotted against the 
relative growth rates of A. 
filiculoides grown at 400, 1000 
and 1600 ppm atmospheric CO2 
during spring, summer and fall 
’08 and summer ’09 (averages 
± SE). For nutrient 
sequestration rates n=8 for 
spring, summer and fall ’08, 
n=4 for summer ‘09. For RGRs 
n=24 for spring ‘08, n=32 for 
summer and fall ’08, n= 4 for 
summer ’09. Results of the 
summer ’09 experiment were 
included for the black 
regression line and R2 value, 
whereas they were excluded for 
the grey regression line and R2 
value. The lines show that 
density has a profound effect on 
sequestration rates for C and N, 
but not for P. 
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mostly aims at the remediation of former agricultural lands that are 
intended for wetland development and for water storage areas. Another aim 
is paludiculture, where the rewetting of drained peatlands offers climate 
change mitigation either by preventing further soil subsidence due to peat 
decomposition, or by the restoration of carbon storage by new peat 
formation. 
The majority of abandoned agricultural lands have been extremely 
loaded with P due to intensive fertilisation. Inundation of these lands often 
leads to massive P mobilization from the soil (Smolders et al., 2006). The 
remediation of former agricultural lands and drained peatlands by means of 
a combination of water retention and Azolla harvesting may not only 
provide a sustainable solution to eutrophication problems, but also offer a 
sustainable way to re-use P in response to the decreasing world P stocks 
(van Vuuren et al., 2010). For example, P uptake by Azolla at ambient CO2 
concentrations amounted to 32 kg ha-1 year-1 equalling that of a maize 
cropland yielding 6-9 ton ha-1 y-1 (Vance et al., 2003). In addition, Azolla 
fields may prevent an increase in mosquito plagues (van Hove & Lejeune, 
2002) and cyanobacterial blooms, both of which are often associated with 
water storage on ex-arable land.  
In conclusion, the strong response of Azolla to climate change may have 
negative effects on biodiversity, but can at the same time be used in a 
number of promising new and sustainable applications at the landscape 
scale for which there is a strong need especially when climate becomes less 
predictable.  
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SUPPLEMENTAL INFORMATION 
 
Table S1 R2 value and ANOVA results of the overall linear regression analysis and the 
linear regression analyses per CO2 treatment with the relative growth rate (RGR) of the 
plants as the dependent variable and the factor scores of the z- scores of the weekly 
averages of the climatic variable as the predictor variables. For interpretation of the results 
the rotated component matrixes of the factor analyses are included. 
 
Overall Linear Regression Model                                               
Dependent variable: RGR                                                 
R2 = 0.650, F(5) =14.515, p<0.001 
Rotated Component Matrix of the Factor 
Analysis 
Predictor 
variables 
Standardized 
Coefficients 
Beta 
p Zscore (CO2) 
Zscore 
(PAR 
max) 
Zscore 
(PAR 
min) 
Zscore          
(T 
max) 
Zscore          
(T 
min) 
(Constant)  0.000      
Factor score 1 -0.647 0.000 0.000 0.538 0.328 0.855 0.942 
Factor score 2 -0.325 0.001 0.000 0.389 0.914 0.377 0.220 
Factor score 4 -0.267 0.007 0.000 0.748 0.238 0.299 0.228 
Factor score 3 0.229 0.021 1.000 0.000 0.000 0.000 0.000 
Factor score 5 0.046 0.632 0.000 0.009 0.008 0.194 -0.106 
Linear Regression Model 400 ppm                                              
Dependent variable: RGR                                                 
R2 = 0.560, F(4) =3.180, ns 
Rotated Component Matrix of the Factor 
Analysis 
Predictor 
variables 
Standardized 
Coefficients 
Beta 
p 
 
Zscore 
(PAR 
max) 
Zscore 
(PAR 
min) 
Zscore     
(T 
max) 
Zscore     
(T 
min) 
(Constant)  0.000  
Factor score 1 -0.606 0.016 0.458 0.282 0.806 0.916 
Factor score 3 -0.323 0.155 0.382 0.915 0.387 0.237 
Factor score 2 -0.277 0.215 0.802 0.287 0.384 0.318 
Factor score 4 0.108 0.618 0.031 0.028 0.230 -0.068 
Linear Regression Model 1000 ppm                                              
Dependent variable: RGR                                                 
R2 = 0.666, F(4) =4.990, p<0.05 
Rotated Component Matrix of the Factor 
Analysis 
Predictor 
variables 
Standardized 
Coefficients 
Beta 
p 
 
Zscore 
(PAR 
max) 
Zscore 
(PAR 
min) 
Zscore     
(T 
max) 
Zscore     
(T 
min) 
(Constant)  0.000     
Factor score 1 -0.664 0.005 0.458 0.282 0.806 0.916 
Factor score 3 -0.359 0.078 0.802 0.287 0.384 0.318 
Factor score 2 -0.309 0.122 0.382 0.915 0.387 0.237 
Factor score 4 -0.028 0.881 0.031 0.028 0.230 -0.068 
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Linear Regression Model 1600 ppm                                              
Dependent variable: RGR                                                   
R2 = 0.706, F(4) =6.003, p≤0.01 
Rotated Component Matrix of the Factor 
Analysis 
Predictor 
variables 
Standardized 
Coefficients 
Beta 
p 
 
Zscore 
(PAR 
max) 
Zscore 
(PAR 
min) 
Zscore     
(T 
max) 
Zscore     
(T 
min) 
(Constant)  0.000     
Factor score 1 -0.634 0.004 0.458 0.282 0.806 0.916 
Factor score 2 -0.396 0.044 0.382 0.915 0.387 0.237 
Factor score 3 -0.384 0.049 0.802 0.287 0.384 0.318 
Factor score 4 -0.009 0.958 0.031 0.028 0.230 -0.068 
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The Eocene Arctic Azolla bloom:  
Environmental conditions, productivity  
and carbon drawdown 
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The Eocene Arctic Azolla bloom: Environmental conditions, 
productivity and carbon drawdown  
 
E.N. Speelman, M.M.L. van Kempen, J. Barke, H. Brinkhuis, G.J. Reichart, A.J.P. 
Smolders, J.G.M. Roelofs, F. Sangiorgi, J.W. de Leeuw, A.F. Lotter and J.S. Sinninghe 
Damsté  
 
Adapted from Geobiology (2009) 7: 155-170 
ABSTRACT  
Enormous quantities of the free-floating freshwater fern Azolla grew and reproduced in 
situ in the Arctic Ocean during the middle Eocene, as was demonstrated by microscopic 
analysis of microlaminated sediments recovered from the Lomonosov Ridge during 
Integrated Ocean Drilling Program (IODP) Expedition 302. The timing of the Azolla phase 
(~48.5 Ma) coincides with the earliest signs of the transition from a greenhouse towards 
the modern icehouse Earth. The sustained growth of Azolla, currently ranking among the 
fastest growing plants on Earth, in a major anoxic oceanic basin may have contributed to 
decreasing atmospheric pCO2 levels via burial of Azolla-derived organic matter. The 
consequences of these enormous Azolla blooms for regional and global nutrient and carbon 
cycles are still largely unknown. Cultivation experiments have been set up to investigate 
the influence of elevated pCO2 on Azolla growth, showing a marked increase in Azolla 
productivity under elevated (760 and 1910 ppm) pCO2 conditions. The combined results of 
organic carbon, sulphur, nitrogen content and 15N and 13C measurements of sediments from 
the Azolla interval illustrate the potential contribution of nitrogen fixation in a euxinic 
stratified Eocene Arctic. Flux calculations were used to quantitatively reconstruct the 
potential storage of carbon (0.9–3.5·1018 g C) in the Arctic during the Azolla interval. It is 
estimated that storing 0.9·1018 to 3.5·1018 g carbon would result in a 55 to 470 ppm 
drawdown of pCO2 under Eocene conditions, indicating that the Arctic Azolla blooms may 
have had a significant effect on global atmospheric pCO2 levels through enhanced burial of 
organic matter.  
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INTRODUCTION  
Exceptionally high concentrations of intact microspore massulae and 
megaspores of the aquatic floating fern Azolla have been found in 
sediments recovered from the Lomonosov Ridge during Integrated Ocean 
Drilling Program (IODP) Expedition 302, indicating that this freshwater 
fern grew and reproduced in situ in the mid Eocene (~48.5 Ma) Arctic 
Ocean (Brinkhuis et al., 2006; Moran et al., 2006) (Fig. 1). Sporadically, 
mass abundances of Azolla remains have previously been recognized in the 
Eocene Arctic and Nordic Seas (e.g. Manum et al., 1989; many confidential 
oil- and gas exploration studies; Eldrett et al., 2004). Yet, concentrations of 
Azolla megaspores recovered at the Lomonosov Ridge Site are an order of 
magnitude higher than those found elsewhere (Brinkhuis et al., 2006). 
Sustained growth of Azolla throughout the Arctic provides important 
constraints on the Eocene Arctic environment. The presence of the 
freshwater fern Azolla, both within the Arctic Basin and in all Nordic seas 
suggests that at least the surface waters were frequently fresh or brackish 
during the Azolla interval (Brinkhuis et al., 2006). The occurrence of such a 
fresh surface layer in combination with more saline deeper waters, as 
indicated by the presence of marine diatoms (Stickley et al., 2008), 
suggests that the Eocene Arctic Basin was highly stratified. Salinity 
stratification, in combination with high riverine input of nutrients, and 
hence increased surface water productivity and the associated enhanced 
Figure 1 Azolla mega- and 
microspores from Hole 
302–4 A-11x (A) Scanning 
Electron Microscopy 
(SEM) image of megaspore 
apparatus showing the 
distal megaspore and the 
proximal float zone. (B). 
SEM image of dissected 
megaspore. (C) Light 
Microscopy (LM) image of 
microspore massulae 
showing the embedded 
microspores and fully 
developed glochidia. (D) 
SEM image of glochidia on 
microspore massulae 
showing anchor-shaped 
tips. 
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export of organic matter, are most likely responsible for the development of 
euxinic conditions in the lower part of the water column, comparable to the 
present-day Black Sea setting (Stein et al ., 2006).  
Interestingly, the Azolla phase approximately coincided with the onset of 
a global shift towards heavier deep sea benthic foraminifera δ13C values 
(Zachos et al., 2001) and an overall global cooling trend. In effect, around 
this time (~48.5 Ma) the transition from a global greenhouse climate 
towards the modern icehouse started (Tripati et al., 2005; Zachos et al., 
2008), possibly heralded by decreasing atmospheric CO2 concentrations 
(Pearson & Palmer, 2000; Pagani et al., 2005). Together these notions 
suggest that sustained growth of Azolla in a major anoxic oceanic basin 
may have contributed substantially to decreasing atmospheric pCO2 -levels.  
Here we discuss the potential role of Azolla as a modifier of nutrient 
cycles and evaluate if and how that role, in combination with the geological 
and oceanographical evolution of the Arctic Ocean, was instrumental for 
Earth’s greenhouse to icehouse transition. We also present the first results 
from a multidisciplinary research project, combining results from 
microfossil assemblages, biomarker and geochemical analyses performed 
on sediments obtained from the Arctic Coring Expedition (ACEX) and 
Azolla cultivation experiments. The latter experiments were set up to 
elucidate the potential impact of elevated pCO2 levels on the growth of 
Azolla. Results of these experiments are used to further constrain 
knowledge of Azolla growth rates, productivity and potential carbon 
drawdown in the context of reconstructed Eocene Arctic environmental 
conditions. 
 
REVIEW OF EXISTING INFORMATION 
Extant Azolla 
Azolla is a genus of floating aquatic ferns with seven extant species, 
distributed throughout tropical and temperate regions (Saunders & Fowler, 
1993). Extant Azolla spp. rank among the fastest growing plants on Earth, 
capable of fixing large amounts of carbon and producing vast amounts of 
organic nitrogen (Wagner, 1997). Dinitrogen fixing bacterial symbionts are 
known to inhabit a special cavity within the dorsal leaf lobe of Azolla. 
These cyanobacteria, e.g. Anabaena Azollae, fix atmospheric nitrogen and 
subsequently release it to Azolla, satisfying both its own requirement for 
combined nitrogen and that of its host. In exchange, the fern provides the 
endosymbiont with a protected environment and supplies it with a carbon 
source in the form of sucrose (Peters & Meeks, 1989). Through this 
symbiosis the aquatic fern Azolla is not limited by fixed nitrogen 
availability (Braun-Howland & Nierzwicki-Bauer, 1990) and under 
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favourable conditions may outcompete other macrophytes, bloom fast, and 
form thick mats. Extant Azolla is known as a freshwater fern. Cultivation 
experiments with Azolla filiculoides show that Azolla grows well in water 
with maximum salinity levels of 5‰, but perishes when salinity is higher 
(van Kempen et al., 2013 Chapter 2, this thesis).  
 
The Eocene Arctic setting 
Paleoceanography and age assessment of the Azolla interval 
The ACEX core was recovered from the Lomonosov Ridge, which is a 
fragment of continental crust that rifted from the Eurasian continental 
margin during the Late Palaeocene (~57 Ma ago) (Glebovsky et al., 2006). 
In the late-middle Eocene, the Arctic Ocean was almost completely 
enclosed as the Norwegian Greenland Sea was not fully open yet (Scotese 
et al., 1988). The, at that time, probably still shallow Fram Strait 
(Jakobsson et al., 2007) possibly formed a deeper, intermittent, connection 
between the shallow Arctic Basin and the open ocean.  
The age model for the ACEX core was established using 
biostratigraphical and cosmogenic isotope data, as usage of palaeomagnetic 
polarity data are problematic for this core (Backman et al., 2008). In the 
Palaeogene, the dinoflagellate cysts (dinocysts) are abundant and occur 
fairly continuous throughout the record. Therefore, numerous dinocyst 
events could be calibrated against ODP Leg 151 Site 913B, located in the 
adjacent Norwegian-Greenland Sea, for which a good magnetostratigraphy 
is available (Eldrett et al., 2004). Moreover, the Azolla horizon, being a 
widespread and well-calibrated acme event in the entire Arctic Basin and 
the adjacent Nordic Seas (Fig. 2), can also be used as a stratigraphic marker 
horizon itself (Brinkhuis et al., 2006; Bujak, Brinkhuis, unpublished 
exploration data). Based on the observation that the Last Occurrence (LO) 
of Azolla for this interval coincides with the LO of Eatonicysta ursulae 
(Eldrett et al., 2004), the top of the Azolla phase is dated at 48.1 Ma 
(magnetic polarity chronozone C21 r), based on Gradstein et al., (2004). 
However, due to incomplete core recovery, the onset of the Azolla interval 
is missing in the ACEX core (Fig. 3). Also in Core 913B the Azolla interval 
is not fully represented as some spores, though in small numbers, are 
already present at the base of the core. So at this stage, only an estimate of 
the minimum duration of the entire Azolla interval can be given. In Core 
913B Azolla is still present near or at the base of Chron 22n. Using the 
timescale by Gradstein et al. (2004), the beginning of the Azolla phase is 
dated at approximately 49.3 Ma, giving a total duration of 1.2 Ma for the 
entire Azolla interval.  
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Figure 2 The Azolla acme in various regions of the earliest middle Eocene Nordic Seas. 
Revision of Table S-1 and Fig. S-3 in Brinkhuis et al., 2006. Complementary sites are 
given in brackets. 1–2: Mackenzie Delta & Beaufort Basin; 3–4: North slope Alaska & 
Chukchi Sea (Crackerjack 1-OCS-Y-1320, Popcorn 1-OCS-Y-1275); 5: Siberian Shelf; 6: 
Barentsz Sea; 7–8: Norwegian–Greenland Sea (6302/6–16406/2–2, 6506/11–6, 6507/8–4,  
6608/10–10, 6610/2–1 S, 7316/5–1, DSDP 343, ODP 643 A); 9 – 11: North Sea Basin 
(16/4–4, 24/12–1, 30/2–1, 34/ 4–2, M2/A02, M2Z/A02S1, M2Y/A02S2); 12: Faeroe-
Shetland Basin; 13: Atlantic, Rockall Bank; 14: Grand Banks, Scotian Shelf; 15: 
Labrador, Hopedale Basin (South Labrador N-79); 16: Labrador, South Saglek Basin 
(Gilbert F-53); 17: Labrador, North Saglek Basin (Gjoa G-37, Hekja O-71, Ralegh N-18). 
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Arctic Eocene environmental conditions 
Vertebrate fauna recovered from Ellesmere Island in the 1970s provided 
some of the first evidence that temperatures in the early Eocene Arctic were 
substantially warmer than today. The discovery of early Eocene remains of 
a varanid lizard, the tortoise Geochelone, and the alligator 
Allognathosuchus suggested that winter temperatures rarely dipped below 
freezing (Estes & Hutchinson, 1980). Recently, Arctic sea surface 
temperatures (SSTs) have been estimated by applying the TEX86 index, an 
organic palaeothermometer that is independent of salinity (Schouten et al., 
2002; Powers et al., 2004) and calibrated to mean annual SST. TEX86 
values suggest SSTs of ~10°C during, and 13–14°C immediately following 
the Azolla phase (Brinkhuis et al., 2006). These values are similar to, or 
slightly higher than, other late Palaeocene and Eocene floral, faunal and 
isotopic proxy evidence for mean annual temperatures in the Arctic 
(Greenwood & Wing, 1995; Jahren & Sternberg, 2003). Stable oxygen 
isotope analyses of cellulose from middle Eocene Metasequoia wood at 
Axel Heiberg Island indicates that Arctic climate was not only warm (mean 
Figure 3 ACEX core recovery. Close up of laminated sediment 
(courtesy of M. Collinson) and image of fossil content, showing 
Azolla microspore massulae, chrysophyte cysts, dinoflagellates and 
ebridians. 
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annual temperature of 13.2 ± 2.0°C), but also quite humid, with an 
atmospheric water content approximately twice that of today (Jahren & 
Sternberg, 2003). Based on modern hydrology and fully coupled 
palaeoclimate simulations, it has been suggested that the warm greenhouse 
conditions characteristic of the Palaeogene period probably induced an 
intensified hydrological cycle with precipitation exceeding evaporation at 
high latitudes (Manabe, 1997; Huber et al., 2003). Increased precipitation 
and reduced exchange of surface water between the Arctic and the open 
ocean would thus result in low salinity surface water in the Arctic. 
Azolla megaspores, with or without attached microspore massulae and 
clusters of dispersed microspore massulae, were found in the ACEX 
sediments at abundances comparable to those documented in Palaeogene 
microlaminated freshwater pond facies (Collinson, 2002). The in situ 
growth and reproduction of Azolla in the Arctic Ocean, in combination with 
high abundances of chrysophyte cysts (the endogenously formed resting 
stage of these freshwater algae), indicate that fresh waters or brackish 
waters frequently dominated the surface water layer (Stickley et al., 2008). 
Based on qualitative data of endemic assemblages of marine diatoms and 
ebridians along with very high abundances of chrysophyte cysts, Stickley et 
al. (2008) confirmed the concomitant occurrence of lower surface water 
salinities and higher deeper water salinities, combined with episodic 
changes in salinity, stratification and thus trophic state. The, albeit 
incomplete, isolation of the Arctic from the worlds’ oceans together with 
enhanced run-off may have favoured development of anoxic conditions. 
Based on sediment lamination (Fig. 3), the absence of fossil benthic 
organisms, high concentrations of reduced sulphur (pyrite), and organic 
geochemical biomarker evidence, previous reports on the Arctic region 
concluded that bottom waters were at least temporally devoid of oxygen 
(Backman et al., 2006; Brinkhuis et al., 2006; Sluijs et al., 2006; Stein et 
al., 2006), also at the time of the Azolla interval. Considering the estimated 
duration of the Azolla phase (1.2 Ma), it is remarkable that the deeper saline 
waters did not become increasingly diluted over time to the point that it 
would be too fresh to sustain pyrite formation. The fact that it did not 
progressively freshened in itself provides evidence for the existence of a 
seaway connection. In turn, the resulting surface water stratification might 
have been a prerequisite for the development of massive Azolla 
occurrences. Given the found salinity intolerance of extant Azolla (van 
Kempen et al. 2013, Chapter 2 this thesis), admixing of much more saline 
water from greater depth would render the surface waters too saline for 
Azolla. In the ACEX sediments no intact vegetative Azolla material has 
been recovered (Brinkhuis et al., 2006), indicating that most of the plant 
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tissue was decomposed in the water column or at the sediment–water 
interface. High organic carbon fluxes, together with limited exchange with 
the atmosphere, partly related to the dense vegetation cover, usually renders 
water below Azolla mats dysoxic. If the presence of a floating mat of Azolla 
was a prerequisite for surface water stratification, mixing to some degree 
may have occurred during the long dark winter period. So at least during 
the growing season, the six months light period, a stratified water column 
existed with a strong halocline and anoxia at depth.  
 
Atmospheric carbon dioxide levels 
A reconstructed mean annual sea surface temperature of ~10°C in the 
Eocene Arctic during the Azolla phase prevailed in absence of oceanic heat 
transport (Brinkhuis et al., 2006). This implies that increased greenhouse 
gas concentrations and associated feedbacks must have been the dominant 
factor in keeping high latitudes warm (Huber et al., 2003). Changes in the 
carbon dioxide concentrations in the atmosphere are commonly regarded as 
likely forcing mechanism of global climate on geological time scales 
because of the large and predictable effect of CO2 on temperature (Pearson 
& Palmer, 2000). The exact relation between atmospheric CO2 
concentration and the greenhouse climate of the early Eocene is uncertain 
because proxy measurements from palaeosols (Royer et al., 2001; Yapp, 
2004), marine boron isotopes (Pearson & Palmer, 2000) and leaf stomatal 
indices (Royer et al., 2001) give extremely variable estimates of 
atmospheric CO2 concentrations between 400 and 3500 ppm. In the middle 
Eocene pCO2 is assumed to have been up to 10 times preindustrial values 
(Pearson & Palmer, 2000). It is well known that high pCO2 may stimulate 
growth of Azolla species (Allen et al., 1988; Idso et al., 1989; Koizumi et 
al., 2001). Moreover, there are indications that at higher CO2 
concentrations plants generally cope better with environmental stresses 
such as high salinity levels (Reuveni et al., 1997). 
The Azolla phase in the Eocene Arctic, during which the organic carbon 
content of the sediment reaches a maximum (Moran et al., 2006), coincides 
with a global shift towards heavier δ13C values in benthic foraminifera (e.g. 
Zachos et al., 2001), suggesting enhanced global sequestration of organic 
matter. Waddell & Moore (2008) also found a positive δ13C excursion in 
fish bone remains and speculated that during a period of extreme primary 
productivity the Arctic surface waters became depleted in 12C, which 
subsequently resulted in burial of the fish bones with 13C enriched organic 
matter. The combination of extremely high primary production by Azolla 
on a freshwater surface, together with the anoxic and saline nature of 
Eocene Arctic deep waters, makes the Arctic Basin ideally suited as an 
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important carbon sink. Sustained growth of Azolla in a major anoxic 
oceanic basin may have contributed significantly to reducing atmospheric 
CO2 levels, either directly by the storage of large amounts of organic 
carbon or/and indirectly through enhanced nitrogen fixation. Nitrogen-
fixing bacteria play a key role in global biogeochemical cycles as 
availability of fixed nitrogen and dissolved phosphorus together limit 
primary productivity and thus CO2 fixation. In anoxic environments a 
substantial loss of fixed nitrogen occurs through denitrification or anaerobic 
ammonia oxidation activity (Kuypers et al., 2003) and on shorter timescales 
fixed nitrogen is often a limiting nutrient. During growth of Azolla, 
however, this loss of fixed nitrogen may be compensated by symbiotic 
nitrogen-fixating bacteria. 
 
MATERIALS AND METHODS 
Sample material: extant Azolla 
Azolla filiculoides was collected from an arable land ditch in the 
surroundings of Elst, the Netherlands (N51°55′48″; E5°50′6″). Two fresh 
Azolla samples were used for biomarker and compound-specific isotope 
analysis. Bulk Azolla and manually picked megaspores were analysed for 
their δ13C and δ15N isotopic composition.  
 
Sample material: IODP 302 (ACEX) sediments 
During the IODP 302 ACEX expedition, cores were taken at 1288 m 
water depth at the Lomonosov Ridge, Expedition 302, Hole M0004A, 
87.87°N, 136.18°E (Backman et al., 2006). In this study we used sediments 
from lithological Unit 2, Core M0004A-11X 297.31 to 302.63 mbsf 
covering the Azolla interval as encountered in the core (Brinkhuis et al., 
2006). This unit is dominated by very dark clay mud-bearing biosiliceous 
ooze. Palaeowater depths are estimated to be shallow, perhaps on the order 
of ~200 m (Moran et al., 2006). The entire core 11X has pale-grey dark-
grey laminations. The Azolla remains are associated with the light layer in 
the scanning electron microscopy (SEM) pictures (Brinkhuis et al., 2006). 
The recovery within section 11X was good, including the end of the Azolla 
interval. Fifty-four samples were used for palynological analyses, giving a 
sample resolution of one sample every 10 cm. In total, 90 samples were 
used for bulk geochemical analyses and two for biomarker and compound 
specific isotope analyses. Azolla megaspores from the ACEX core were 
manually picked for the determination of δ13C values.  
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Pilot experiment: Growth of Azolla at elevated atmospheric CO2 
concentrations 
To study the influence of different atmospheric carbon dioxide 
concentrations on Azolla growth, Azolla filiculoides was grown in glass 
aquaria with a water volume of 15.6 L and headspace of 3.4 L. The aquaria 
were made air-tight, except for a gas overflow outlet. The aquaria were 
placed in a water bath with a controlled mean temperature of 15°C. At the 
start of the experiment 10 g of fresh Azolla was introduced in each 
aquarium. Three different treatments with specific atmospheric CO2 
concentrations were completed, with eight replicates per treatment (Fig. 4). 
At the start of the experiments the measured CO2 concentrations in the 
headspaces of the different aquaria amounted to 340, 760 and 1910 ppm, 
respectively. Appropriate atmospheric CO2 concentrations were attained by 
mixing compressed air with custom-made mixtures of various 
concentrations of CO2 in synthetic air (Air Liquide, Eindhoven, the 
Netherlands), using mass flow controllers and gas blenders (Bronkhorst Hi-
Tec, Veenendaal, the Netherlands). Per treatment the gas mixture was 
uniformly distributed between the headspaces of the eight aquaria, 
refreshing the air volume within each aquarium every 5 min. The nutrient 
solution in the aquaria contained 1.75 mmol L–1 NaHCO3, 1.75 mmol L–1 
CaCl2 2H2O, 0.025 mmol L–1 NaH2PO H2O, 1 mmol L–1 K2SO4, 1 mmol L–
1 MgSO4 7H2O, 0.01 mmol L–1 Fe-EDTA, 0.001 mmol L–1 CuSO4 5H2O, 
0.02 mmol L–1 MnCl2 4H2O, 0.01 mmol L–1 ZnSO4 7H2O, 0.003 mmol L–1 
Na2MoO4 2H2O, 0.02 mmol L–1 H3BO3 and 0.004 mmol L–1 CoCl2 6H2O 
and was adjusted to a pH of 7.5 using 30% HCl. Fresh nutrient solution was 
supplied at a rate of 0.2 L h–1 from containers using peristaltic pumps, the 
water level being held at a constant level by means of an overflow outlet 
(Fig. 4). Since no nitrogen was added to the nutrient solution, Azolla 
completely depended on the cyanobacterial symbionts for its nitrogen 
supply. The experiments were performed in a greenhouse. The light flux at 
vegetation level was no less than 150 µmol m–1 s–1, supplemented by 600 
watt HDN lamps set to a photoperiod of 16 hours. The CO2 concentrations 
in the headspaces of each aquarium were monitored. Air samples were 
taken with a syringe at the gas overflow outlet and CO2 concentrations were 
measured directly using an Infrared Gas Analyzer (IRGA, type ABB 
Advance Optima, Ettenleur, The Netherlands). Nutrient solutions of all 
aquaria were sampled weekly for nutrient analyses with the aid of rhizons. 
The solutions were analysed for pH, total inorganic carbon (TIC) using an 
Infrared Gas Analyzer (IRGA, type ABB Advance Optima), and total 
concentrations of Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si and Zn using 
inductively coupled plasma emission spectrometry (ICP-OES). To avoid 
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Figure 4 The experimental set up 
in the greenhouse. 
 
contamination all used glassware was immersed in acid (30% HCl) for 24 h 
after which it was rinsed three times with demineralized water. Total 
inorganic carbon content in the nutrient solution was measured by injection 
of 0.2 mL of the nutrient solution into a concentrated H2PO4 solution of 
2.1% in a glass reservoir that was directly coupled to an infrared gas 
analyser to ensure direct measurement of released dissolved carbon. Plants 
were harvested on day 0, 10, 17 and 23. At harvest total fresh weight of the 
Azolla was determined for each aquarium after which 10 g of fresh Azolla 
was put back into the aquaria while the rest was dried at 70°C for 48 h to 
determine the element composition of the biomass. The total dry weight at a 
specific sampling time was calculated using the dry weight to fresh weight 
ratio from the subsample. Total cumulative dry weights were calculated 
using the dry weight ratios, by adding them to the total dry weight 
calculated for the previous time intervals. To analyse the nutrient 
composition of plant tissue, dried samples were ground in liquid nitrogen. 
Two hundred micrograms plant material was digested using an acid mixture 
(4 mL HNO3 (65%) and 1 mL H2O2 (30%)) (Kingston & Haswell, 1997) in 
Teflon vessels heated in a Milestone microwave oven (type mls 1200 mega, 
Sorisole, Italy). Total concentrations of Al, Ca, Fe, K, Mg, Mn, Na, P, S, Si, 
and Zn were measured in diluted digestates. Nitrogen and carbon were 
subsequently measured with a CNS analyzer (type Fisons NA1500). 
 
Palynology 
Subsamples were first cleaned by 
removing the top part and oven dried at 
60°C overnight. Agepon (Agfa-Gevaert, 
art Nr AKX2P, Leverkusen Germany) 
wetting agent was added. Precisely 
weighted sediment samples were then 
treated with HCl and HF in standard 
palynological treatment. Residues were 
sieved retaining the fraction size between 
15 and 250 µm. Lycopodium clavatum 
tablets containing a known amount of 
spores were added to the samples to 
calculate the concentrations of Azolla 
massulae per gram of sediment. The 
samples were then examined under a 
binocular microscope at a magnification of 
x 400. 
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Bulk TOC, N, S, and isotope measurements 
Extant Azolla samples were oven dried at 70°C for 24 h. Total organic 
carbon (TOC), δ13CTOC, total nitrogen content (Ntot) and bulk δ15N were 
measured using an elemental analyser (Fison NA 1500 CNS), connected to 
a mass spectrometer (Finnigan Delta Plus). δ13CTOC values are reported 
against Vienna Peedee Belemnite (VPDB). δ15N values are calculated as 
per mille excess above their natural abundance in air. Analytical precision 
and accuracy were determined by replicate analyses and by comparison 
with international and in-house standards. Precision was better than 0.1% 
for TOC, Ntot, and δ13CTOC and 0.15‰ for δ15N. 
 
Sediment bulk TOC, N, S, and isotope measurements 
TOC, Ntot, total nitrogen isotopic composition (δ15N) and total sulphur 
content of bulk sediment samples were determined, with a sampling 
spacing of 10 cm for the Azolla interval. All sediment samples were freeze-
dried and subsequently grounded in an agate mortar. Prior to the 
determination of organic carbon content and δ13CTOC inorganic carbon was 
removed. Samples were treated with 10% HCl, rinsed with demineralized 
water to remove CaCl2, and dried. TOC, δ13CTOC, Ntot and δ15N were 
measured using the same procedure, with similar precision and accuracy, as 
described above. Total concentrations of S were determined after digestion 
in a mixture of HF, HNO3, and HClO4 and final solution in 1 M HCl via 
ICP-OES (PerkinElmer Optima 3000, PerkinElmer, Waltham, MA, USA). 
The accuracy and precision of the measurements were monitored by 
including international and laboratory standards and were better than 3%. 
 
Compound-specific isotope analyses ACEX sediments and extant Azolla 
Both ACEX sediments and extant Azolla specimens were freeze-dried, 
powdered and subsequently extracted with an Accelerated Solvent 
Extractor (Dionex, Sunnyvale, CA, USA) using a dichloromethane (DCM)–
methanol (MeOH) mixture (9 : 1, v/v). To separate the compounds of 
interest an aliquot (c. 15 mg) of the total extract was methylated with 
BF3/MeOH at 60°C for 10 min and subsequently separated by preparative 
thin layer chromatography (TLC) on kieselgel 60 (0.25 mm, Merck, 
Darmstadt, Germany) as described by Skipski et al. (1965). The lower, 
more polar, bands were silylated with BSTFA in pyridine to convert the 
alcohols into the corresponding TMS-ethers. Components were identified 
by GC/MS (Thermo Trace GC Ultra, Thermo Fisher Scientific Inc.). 
Samples were on-column injected at 70°C, on a CP-Sil 5CB fused silica 
column (30 m x 0.32 mm i.d., film thickness 0.1 µm) with helium as carrier 
gas set at constant pressure (100 KPa). The oven was programmed to 
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130°C at 20°C min–1 and then to 320°C at 4°C min–1, followed by an 
isothermal hold for 20 min. Compound-specific δ13C values were 
determined using isotope ratio monitoring gas chromatography-mass 
spectrometry (GC-IRMS), using a ThermoFinnigan Delta-Plus XP mass 
spectrometer. A similar column and oven program were used as described 
above, though with a constant flow of 1.2 mL min–1. Co-injected squalane, 
with a known, offline determined, isotopic composition was used as 
internal standard. Carbon isotopic compositions are reported relative to the 
VPDB standard and are based on duplicate analyses of well-resolved peaks 
and represent averaged values. In the case of alcohol moieties, the δ13C 
value of the BSTFA used for silylation was determined by derivatization of 
an authentic alcohol (myoinositol) standard with a known δ13C 
composition. Standard deviation of co-injected squalane was 0.2‰. 
Duplicates had a standard deviation better than 0.5‰. 
 
RESULTS AND DISCUSSION 
In order to further constrain the exact environmental conditions 
facilitating the Eocene Arctic Azolla blooms a suite of geochemical and 
palynological analyses are performed. Furthermore, the influence of these 
Eocene conditions is investigated using Azolla cultivation experiments, 
focusing on elevated pCO2 conditions. Finally, the combined results will 
shed light on Azolla occurrence, productivity and potential atmospheric 
CO2 drawdown. 
 
Pilot cultivation experiments with extant Azolla: a key to the past 
During the middle Eocene atmospheric CO2 levels were much higher 
than today (Pearson & Palmer, 2000). To investigate the influence of 
elevated atmospheric CO2 concentrations on Azolla growth rates, CO2 
concentrations in the headspaces of the cultivation aquaria were set to 
values of 340 ppm (control), 760 ppm and 1910 ppm, respectively. Distinct 
increases in biomass production in response to elevated carbon dioxide 
concentrations were evident (Fig. 5). After 23 days the total dry biomass (g) 
amounted to 3.92 ± 0.37, 5.98 ± 0.47 and 7.87 ± 1.04, respectively. The 
amount of biomass produced in the high (1910 ppm) CO2 treatment was 
twice that of the biomass produced in the control treatment at 340 ppm. The 
experiment using an intermediate CO2 concentration (760 ppm) yielded 1.5 
times more biomass (Fig. 5).  
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During growth in the light period (16 h day–1) the preset CO2 
concentrations within the headspaces dropped appreciably. Lowest CO2 
concentrations in headspaces were measured during the light period just 
before harvest, when Azolla densities were highest. On average pCO2 
values dropped from their preset concentrations to values of 170 ± 100 
ppm, 330 ± 140 ppm, and 1080 ± 190 ppm, respectively. Flushing the 
headspaces every 5 min thus did not suffice to maintain constant pCO2 
levels. Both pH (7.53 ± 0.27, 7.47 ± 0.17 and 7.43 ± 0.18 in the treatments 
with 340, 760 and 1910 ppm atmospheric CO2, respectively) and TIC (819 
± 76, 857 ± 94 and 800 ± 175 in the respective treatments) of the culture 
medium remained constant throughout the experiment with no differences 
at different levels of CO2 concentrations. Given the low diffusion rate of 
CO2 into water (0.21 m day–1 or 2.4 µm s–1) (Zeebe & Wolf-Gladrow, 
2001) and the observed stability of pH and TIC in the culture medium, the 
rapid decreasing CO2 concentrations in headspace can only be attributed to 
high CO2 (g) uptake rate of Azolla. 
Analyses of the chemical composition of the culture medium showed 
that the supply rate of fresh medium of 0.2 L h–1 was not high enough to 
keep the phosphorus concentration at a constant level (P concentrations 
dropped from 20 µmol L–1 to 6 µmol L–1). The concentrations of the other 
elements in the culture medium remained constant. The measured nutrient 
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concentrations in Azolla all fall within the range of average concentrations 
of mineral nutrients in plant dry material matter (Marschner, 1995). The 
decreasing nutrient and N concentrations probably reflect diluting effects. 
Given the preserved linear growth rates during the experiments (Fig. 5), this 
dilution did not adversely influence Azolla biomass production.  
These experiments indicate that at elevated CO2 (g) concentrations the 
carbon dioxide uptake of Azolla filiculoides increases and that biomass is 
produced at higher rates, suggesting that CO2 might be a limiting factor for 
Azolla growth. Hence, Azolla could potentially grow at significantly higher 
rates under the elevated Eocene pCO2 conditions than under present-day 
circumstances. However, it should be noted that other environmental 
conditions like salinity (Rai et al., 2001), pH (Moretti & Gigliano, 1988; 
Cary & Weerts, 1992) or nutrient availability (Sah et al., 1989) also affect 
Azolla biomass production. 
 
Sedimentary signals of the Eocene Arctic Azolla bloom 
Bulk parameters of ACEX sediments 
Our high-resolution ACEX TOC profile reveals values ranging between 
3.1 and 6.0 wt% (Fig. 6). After the Azolla phase (above 289.7 mbsf) TOC 
decreased to lower levels, around 2 wt%. The high-resolution record of 
Azolla massulae counts (Fig. 6) confirms the cyclic nature of the abundance 
pattern in the Azolla record as previously described in Brinkhuis et al. 
(2006). These cycles have a spacing of just over 1 m and are positively 
correlated with the TOC content (Fig. 6). Sangiorgi et al. (2008) applied a 
Blackman–Tuckey power spectral analysis to palynological and siliceous 
microfossil data for the middle Eocene (~46 Ma) core section between 
~236 to 241 mcd (metres composite depth) and also found a 1 m 
periodicity.  
The available age model for the ACEX core (Backman et al., 2008), and 
the derived sedimentation rate of 24.3 m Ma–1 during the middle Eocene 
(~46 Ma), suggest that the 1 m cyclicity is compatible with a Milankovitch-
type orbital forcing, representing obliquity. Based on the high latitudinal 
setting, an obliquity signal is expected to be present. However, since for the 
Azolla phase the age model suggests an overall sedimentation rate of 12.7 
m Ma–1 (Backman et al., 2008), the 1 m cyclicity would correspond to ~80 
000 years. Yet, given that the onset of Azolla is missing due to failure in 
core recovery (Fig. 3), it could be possible that the observed cyclicity in the 
Azolla record still represents obliquity. If these cycles indeed respond to 
obliquity the amount of time included in the entire Azolla event, 
represented in the recovered sections of the ACEX core, can be calculated. 
Based on the observed four obliquity cycles within the recovered part from 
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the Azolla interval in the ACEX core (Fig. 6), the estimated minimum 
duration is 160 kyr. The recovered Azolla interval in the ACEX core thus 
represents 160 kyr, with a 24.3-m Ma–1 sedimentation rate. The duration of 
the entire Azolla interval of 1.2 Ma can be inferred from dating of the 
Azolla phase in ODP Leg 151 Hole 913B (Eldrett et al., 2004) (with a 12.7-
m Ma–1 sedimentation rate based on the overall age model (Backman et al., 
2008), assuming that the Azolla phase also covered part of the unrecovered 
core material.  
Sulphur concentrations are high throughout the interval, varying 
between 47 and 72 mg g–1 dry sediment. C/S ratios show an atomic Corg/S 
ratio of 1–2 during and after the Azolla interval (Fig. 7A). The correlation 
between Fe and S indicates that most of the S is present in the form of 
pyrite (Fig. 7B). The black dots represent samples from the Azolla interval 
and all plots above the pyrite line (excess S). This indicates that S must be 
present as greigite or organically bound S as well. The four points in grey 
plotting below the pyrite line represent samples from after the Azolla 
interval (above 298.8 mbsf). The accumulation of large quantities of 
organic matter in an euxinic environment is consistent with the findings of 
Kurtz et al. (2003) who showed a global minimum in Corg/S pyrite (Corg/S 
ratio of 2–4) during the early Eocene. The presence of sulphate-rich waters 
in the deeper parts of the Arctic Basin provides additional evidence for the 
salinity stratification of the basin described above.  
In view of the inferred marine setting of the site during the Eocene, an 
extensive riverine influx of fixed nitrogen seems unlikely. Regeneration or 
atmospheric nitrogen fixation, therefore, must have played a major role in 
nitrogen supply. Bulk sedimentary nitrogen isotope ratios are persistently 
low, between –0.7 and –2.4‰ throughout the Azolla phase (Fig. 6) and 
drop to even lower values (<–2‰) afterwards. Variations in δ15N in surface 
sediments generally reflect differences in relative nutrient utilization 
(Schubert et al., 2001) and denitrification or anammox (Altabet & Francois, 
1994; Montoya et al., 2004), but can also be influenced by exchange with 
open-ocean water or runoff. Under oxygen depleted conditions, the 
reduction of nitrate leads to enrichment of the residual nitrate in 15N relative 
to the mean value because 14NO3 is more readily reduced by bacteria. 
Under the prevailing anoxic conditions in the Eocene Arctic relatively 
enriched 15N values are thus expected as upwelling of nitrate deficit waters 
generated in the dysoxic deeper parts of the water column by denitrification 
or anammox bacteria (Cline & Kaplan, 1975; Kuypers et al., 2003) 
followed by Redfield-type nutrient drawdown should result in nitrate 
limitation in the photic zone which would result in a positive 15N excursion. 
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The small and constant offset (mean 0.9‰) between the δ15Ntot and 
δ15Norg found earlier by Knies et al. (2008) confirms that there is little net 
influence of generation or vertical diffusion on the sedimentary 15N values. 
Hence we use bulk δ15N values for reconstruction of the marine nitrogen 
cycle. The low δ15N values in the Arctic sediments point towards the 
presence of N2-fixing organisms, which are present in extant Azolla species 
as symbionts. The cultured Azolla filiculoides biomass had a similarly low 
average δ15N of –1.5‰, also consistent with 15N values reported for other 
biomass produced by N2 fixation (between –1‰ and –2‰) (Minagawa & 
Wada, 1986; Kuypers et al., 2004). Whereas the oxygen-depleted water 
condition resulted in the large scale loss of biologically available nitrogen, 
phosphorus might have been regenerated more efficiently under such 
conditions (Gächter et al., 1988; van Cappellen & Ingall, 1994). Organisms 
with nitrogen-fixating symbionts, like Azolla, would have had an ecological 
advantage. However, direct evidence for the presence of Anabaena Azollae 
or other symbiotic nitrogen-fixing cyanobacteria in the Eocene Arctic, 
either in the form of biomarkers or morphological evidence, has not been 
found yet.  
In extant Azolla C/N ratios vary between 9 and 15. Corg/Ntot ratios in the 
ACEX core were adjusted for the contribution of inorganic nitrogen by 
subtracting a fixed amount of inorganic nitrogen (47 µmol g–1). This 
Figure 7B.Figure 7A.
80
Fe/Al * Al (mg kg-1 sediment)
70
60
50
40
30
20
10
0
S 
(m
g 
kg
-1
 se
di
m
en
t)
S
to
t (
%
)
C org (%)
8
7
6
5
4
3
2
1
0
76543210 0 10 20 40 50 60 70 8030
Figure 7 (A) Plot of weight percentage organic carbon (wt %) vs. weight percentage total 
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is plotted. Black dots represent samples from the Azolla interval; grey dots represent 
samples from after the interval. 
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amount is based on extrapolation of the linear relation between Corg and Ntot 
content. This concentration is similar to the amount used for subtraction as 
determined by Knies et al. (2008) using δ15N values. The Corg/Ntot ratios in 
the ACEX sediments vary from 27 to 46. The calculated Corg/Norg ratios 
vary from 40 to 80 (Fig. 6) and are significantly higher than those of extant 
Azolla. These higher Corg/Norg ratios point toward extensive selective 
degradation of nitrogen-rich organic compounds (e.g. amino acids), despite 
the continuous anoxic bottom waters as evidenced by the presence of 
laminations in the sediment. After each Azolla megaspore abundance peak, 
a marked decrease in C/N ratio can be observed, which coincides with a 
drop in δ15N (Fig. 6). Changes in C/N ratios, therefore, could be linked to 
changes in source organisms (Azolla vs. marine plankton) or changes in N 
preservation. Compositional changes, on the other hand, are not reflected in 
the observed bulk 13C values, which vary around –27.7‰ throughout the 
interval (Fig. 6). The decrease in δ15N probably indicates that after periods 
of extensive Azolla growth, the water column became slightly more 
oxygenated, decreasing the impact of denitrification/ anammox until the 
next Azolla bloom. 
 
Compound-specific isotope analyses 
In addition to the existing palynological data, a recent study provided 
molecular evidence for the pervasive past presence of Azolla in a freshwater 
Eocene Arctic setting (Speelman et al., 2009a). It was shown that the total 
lipid fraction of extant Azolla ferns contains a series of mid-chain ω20 
alkanols, 1,ω20 diols and ω20 hydroxy fatty acids with carbon chain 
lengths ranging from C27–C36. Selective extraction of extant Azolla leaf 
surface lipids revealed that these compounds most likely originate from 
Azolla leaf waxes. The ACEX sediments from the Azolla interval contained 
most of the described ω20 compounds. Especially relatively high quantities 
of compounds identified as 1,ω20 C30–C36 diols were detected in both 
extant Azolla species and in sediments from the ACEX core. Based on the 
uniqueness of the ω20 hydroxy compound series and their relative stability, 
these compounds can be considered to be excellent biomarkers for Azolla, 
can thus be used for compound-specific isotope (δ13C) analyses, and 
therefore serve as palaeo-environmental indicators for Azolla.  
Compound-specific 13C values can provide insight into Eocene δ13CO2. 
As β-sitosterol is the most abundant sterol present in extracts from Azolla 
(Speelman et al., 2009a), the 13C of β-sitosterol was measured both for 
extant Azolla and for ACEX sediments (table 1). Here we compare stable 
carbon isotopic compositions of TOC, spores and specific biomarkers of 
extant Azolla and ACEX sediments from the Azolla phase to gain insight 
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into differences in the present-day and Eocene environmental conditions at 
which Azolla fixed carbon.  
Bulk δ13C values for recent Azolla of ~–30‰ (table 1) are consistent with 
the findings by Bunn & Boon (1993) for ferns (Pterophyta) in general and 
in line with their use of the C3 pathway of carbon fixation (Hayes, 2001). 
The δ13C of the megaspores of extant Azolla is also ~–30‰, indicating that 
there is no significant difference in 13C content between Azolla biomass and 
spores. However, the δ13C ratios of the lipids extracted from Azolla are 
substantially depleted: the 1,ω20 C30–C36 diols have δ13C values of –38.0 to 
–39.9‰ and the δ13C values for β-sitosterol is –32.6‰ (Speelman et al., 
2009a). Such differences are generally observed between biomass (Hayes, 
2001) and lipids which are typically 4–8‰ depleted in 13C values relative 
to total cell material. The TOC and the Azolla megaspores contain 
isotopically heavy sugars and proteins and, therefore, their δ13C values are 
higher than those of the individual lipids. The difference in δ13C values 
between the β-sitosterol and the diols is c. 6.5‰. Differences in the 
biosynthetic pathways of isoprenoids (including β-sitosterol) and the 
compounds with straight chain carbon skeletons (i.e. ω20 diols) will 
influence the 13C composition of the individual compounds. These 
differences may, possibly as a result of the alternative 
pyruvate/glyeraldehyde-3-phosphate pathway, differ by up to 8‰ 
(Schouten et al., 1998), which is sufficient to explain the observed 6.5‰ 
difference between the isoprenoid β-sitosterol and the straight chain ω20 
diols in extant Azolla.  
 
 
 
 
Extant 
Azolla 
δ13C 
(‰) ACEX 
δ13C 
(‰) 
Extant 
Azolla 
δ13C 
(‰) ACEX 
δ13C 
(‰) 
1,11 C30 
diol -39.1 
1,11 C30 
diol - β-sitosterol -32.6 β-sitosterol -29.1 
1,13 C32 
diol -38.0 
1,13 C32 
diol -30.1 δ
13CTOC -30.3 δ13CTOC -27.6 
1,15 C34 
diol -38.7 
1,15 C34 
diol -31.3 Megaspores -30.5 Megaspores -27.7 
1,17 C36 
diol -39.9 
1,17 C36 
diol -29.7     
 
Of all measured parameters (table 1) the δ13C values of the diols 
probably give the most reliable insight into differences in the present-day 
and Eocene environmental conditions at which Azolla fixed carbon. The 
Table 1 δ13C compound-specific isotopes (‰ vs. VPDB) for selected compounds and δ13C 
for bulk organic matter and manually picked Azolla megaspores encountered in extant 
Azolla and ACEX sediment extracts. 
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Azolla-specific diols in the ACEX sediments show an enrichment of at least 
8‰ relative to values observed in extant Azolla, between –29.7 to –31.3‰ 
(Table 1). β-sitosterol is also enriched in 13C in the Eocene material but 
only by ~3‰, a similar enrichment as observed for δ13CTOC and δ13C of the 
megaspores (Table 1). The difference between the β-sitosterol and the ω20 
diols is only ~1‰ in the sediment instead of 6.5‰ in extant Azolla. This 
could be due to a mixed origin for the Eocene β-sitosterol. This sterol is not 
specific for Azolla and is probably also produced by algae growing in the 
water column in the Eocene Arctic, producing β-sitosterol with a different 
13C content. Alternatively, the different offsets could be explained by a 
difference in biosynthetic pathways between Eocene Azolla and extant 
Azolla, resulting in a much smaller difference between isoprenoidal and 
acetogenic lipids. Based on the similarity of the distribution of the ω20 
diols in extant and Eocene Azolla this seems unlikely. Sedimentary TOC 
does not solely contain Azolla remains so it also represents mixed 
contributions. The difference between the δ13C values of the extant and 
Eocene Azolla megaspores is also only 3‰. This could be caused by 
diagenesis. Extant Azolla megaspores still contain a shell mainly consisting 
of both sugars and protein components, which are typically substantially 
enriched in δ13C (Hayes, 2001). During diagenesis, sugar and protein 
carbon degrades more easily, leaving the megaspores increasingly 
isotopically depleted. The δ13C values of the Azolla-specific ω20 diols 
indicate the largest and probably most accurate difference (8‰) in isotopic 
composition between the present and the Eocene.  
Based on reconstructions of Eocene atmospheric pCO2 levels, 
suggesting higher concentrations, and the observation that Azolla also takes 
up atmospheric CO2, and grows faster at elevated pCO2 levels, at first sight, 
lighter rather than heavier δ13C values (Hayes et al., 1999) for Azolla 
biomarkers in ACEX sediment compared to extant Azolla are expected. 
Additionally, the cultured Azolla does not seem to fractionate to the full 
extent during carbon fixation (i.e. bulk values of c. –33‰ would be 
expected). δ13C of atmospheric CO2 taken up by Azolla was probably 
different in the Eocene and could thus also influence the δ13C ratios. In fact, 
based on δ13C analyses on foraminifera, the atmospheric CO2 δ13C was 3‰ 
enriched in the Eocene relative to the present-day atmospheric CO2 δ13C 
(Hayes et al., 1999; Pearson et al., 2001; Zachos et al., 2001). A similar 
enrichment of Eocene Azolla biomass and lipids would be expected if they 
would grow under identical conditions as the extant Azolla. This explains 
part of the 8‰ enrichment. Secondly, elevated CO2 levels substantially 
enhance Azolla growth rates, as has been shown in the cultivation 
experiments. Increased growth rates decreases isotopic fractionation (Hayes 
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et al., 1999), possibly explaining the higher δ13C values for the ω20 diols in 
the ACEX sediments, and counteracting the effect of higher CO2 levels. 
Based on Azolla microspore massulae abundances in the core (~50 000 g–1 
dry sediment), or 5.2 106 spores m–1 year–1, high Eocene Arctic production 
rates are inferred. For comparison, it was estimated that a thick mat of 8 kg 
m–2 fresh biomass is needed to produce 380 000 microsporocarps and 85 
000 megasporocarps per m–2 (Janes, 1998a). The high 13C values found 
here are also consistent with the high 13C encountered in fish apatite by 
Waddell & Moore (2008). These were found to reflect extremely high 
primary production, which resulted in enhanced growth rates and decreased 
isotopic fractionation, followed by burial of fish bones with 13C enriched 
organic matter.  
 
Impact of the Arctic Azolla bloom on CO2 drawdown 
Using sedimentary TOC content and sedimentation rates the potential 
CO2 drawdown during the Azolla interval can be estimated. Combining 
TOC values of 4 wt% (Fig. 6) with a mass accumulation rate of 35 g m–2 
year–1 results in a net carbon burial rate of 1.4 g C m–2 year–1. Recently, 
Knies et al. (2008) estimated a maximum primary palaeoproductivity 
during the Azolla phase of 120 g C m–2 year–1, using sedimentary organic 
carbon content, correcting for decomposition in the water column, burial 
efficiency, and dilution by inorganic sediment (Knies & Mann, 2002). Our 
experiments show average production rates for extant Azolla under ambient 
conditions: 4.5–5 g dry weight per m2 day–1 or 2 g C m–2 day–1. A 
production rate of 2 g C m–2 day–1 would have yielded 120 g C m–2 within 2 
months, a primary production estimate of 120 g C m–2 year–1 thus seems 
reasonable, albeit a bit on the low side given Eocene pCO2 levels and 
associated enhanced Azolla growth. Also the prolonged photoperiod during 
the Arctic summer would have stimulated higher Azolla production. 
Estimated primary productivity of 120 g C m–2 year–1 in combination with a 
net carbon burial rate of 1.4 g C m–2 year–1, demonstrates a fairly low burial 
efficiency of 1.2%. Hence, despite the water column anoxia, extensive 
biodegradation must have occurred either during transport in the water 
column or at the sediment–water interface, or over time within the 
sediments.  
The preservation of diols is better than that of for instance fatty acids, 
neutral lipids, sterols, n-alkanols, and n-alkanes (Sun & Wakeham, 1994), 
but these compounds are probably more susceptible to degradation than 
spores. If the preservation of diols reflects the average degree of 
preservation of Azolla-derived organic matter, comparison of the Eocene 
Arctic diol fluxes with current Azolla diol production rates will give a 
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minimum estimate of Azolla growth. Diol (ω20 C30–C36) concentrations in 
the ACEX core sum up to 4.5 µg g–1 sediment, or 80 µg g–1 TOC. In 
cultured extant Azolla the total diol concentration for fresh Azolla amounts 
to 480 µg g–1 (dry weight) Azolla or 190 µg g C–1 in Azolla. If all organic 
constituents in Azolla would preserve equally well, this would indicate that 
about 40% of the Eocene TOC would be derived from Azolla. Based on the 
palynological composition (Brinkhuis et al., 2006), this is an underestimate.  
CO2 fixation by Azolla and subsequent burial of Azolla derived organic 
matter has direct consequences for the carbon inventory of the atmosphere–
ocean system. The burial of Azolla-derived organic matter is assumed to 
occur in conjunction with ongoing cycling of carbon. To quantify the effect 
of enhanced organic carbon storage in the Eocene Arctic Basin on 
atmospheric pCO2 levels and ocean-atmosphere partitioning, equation 1 
should be solved: 
  
 
where ΔpCO2 is the change in atmospheric partial CO2 pressure resulting 
from a perturbation in the global carbon inventory. ΔƩC represents the total 
carbon perturbation: the amount of carbon added to or removed from the 
inventory. IA is the carbon inventory of the atmosphere, IO is the carbon 
inventory of the ocean and Rglobal is the average Revelle buffer factor 
(Revelle & Suess, 1957). Goodwin et al. (2007) showed that this equation 
can be solved analytically. Here we apply and compare two analytical 
methods to solve equation 1. The first analytical method used follows a 
linear approximation (e.g. Archer, 2005) described by equation 2: 
  
 
where M represents the molar volume of the atmosphere. IA, IO and Rglobal 
are evaluated at a steady-state carbon partitioning between ocean and 
atmosphere, assuming a mean annual global SST of 20 °C, with total air–
sea carbon levels corresponding to Eocene values (table 2). This relation is 
found to be valid if either the change in carbon inventory is small or as long 
as the value of Rglobal increases when charge neutral carbon is extracted 
from the system. The second analytical solution has been found to better 
approximate carbon emissions up until 5000 GtC (corresponding to a pCO2 
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level of 1050 ppm, starting from 280 ppm) (Goodwin et al., 2007). This 
solution makes use of a total air–sea ‘buffered’ carbon inventory, IB 
(Goodwin et al., 2007). The buffered amount of carbon represents the CO2 
available for redistribution between the atmosphere and the ocean. IB is 
assumed to be constant. This last approximation can also be used for larger 
emissions as it allows for variation in Rglobal.  
  
 
Pi is the initial partial pressure of carbon dioxide. Each of the analytical 
methods is applied to two different sets of Eocene initial pCO2 conditions. 
Despite the extensive biodegradation, after a period of 160 000 years still 
224 kg m–2 organic carbon, based on net carbon flux of 1.4 g C m–2 year–1, 
accumulated. For the entire Eocene Arctic basin (4.0 106 km2), provided 
TOC contents are laterally uniform at 4%, this would amount to 9.0 1017 g 
C or 3.3 1018 g CO2. Alternatively the Azolla phase also included the 
unrecovered sections below 11X until 15X, which using an average 
accumulation rate of 1.27 cm kyr–1 corresponds to a duration of 1.2 Ma. 
This maximum extent of the sedimentary sequence corresponds to a carbon 
storage of  3.5 1018 g C or 13 1018 g CO2.  
 IA (g C) IO (g C) IB (g C)* Rglobal 
Eocene ~800 ppm† 1.70 1018 1.491 1020 1.26 1019 13.7 
Eocene ~2000 ppm‡ 4.25 1018 1.901 1020 1.49 1019 17.8 
 
Based on Eocene partial CO2 pressure, and corresponding Eocene 
alkalinity (Pearson & Palmer, 2000), the atmospheric IA, oceanic IO, and the 
Revelle buffer factor can be calculated. The total amount of buffered 
carbon (IB) is then computed for the Eocene case (Table 2). The first 
Eocene case uses an initial partial CO2 pressure of 800 ppm, with an 
alkalinity of 2800 µmol kg–1 (Pearson & Palmer, 2000 estimate for ~49 
Ma). The second case assumes a 2000 ppm pCO2 and corresponding 
alkalinity of 3400 µmol kg–1 (Pearson & Palmer, estimate for ~53 Ma) 
(Table 2). Both are evaluated for two estimates of organic carbon 
accumulation in the Azolla interval (Table 2). In figure 8 the two analytical 
*IB is calculated as IB = IO/Rglobal + IA, using a mean annual SST of 20 °C and a salinity of 
35 psu. 
†800 ppm: sea surface alkalinity of 2800 μmol eq kg–1, after Pearson & Palmer (2000). 
‡2000 ppm: sea surface alkalinity of 3400 μmol eq kg–1, after Pearson & Palmer (2000). 
 
Table 2 Calculated values for IA, IO, Rglobal, and IB, for two sets of Eocene conditions. 
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solutions are shown for the two different Eocene scenarios. Differences in 
IB lead to differences in decrease in atmospheric pCO2, following equation 
3, which explains why the impact of sequestration of similar amounts of 
carbon burial results in different effects on pCO2 levels. For both scenarios, 
Rglobal initially decreases as charge neutral CO2 is extracted from the air–sea 
system, making the linear approximation less suitable for the larger 
perturbations in ΔƩC. Still, the two different analytical approaches (linear  
and exponential) give very similar results (Table 3; Fig. 8) for the same 
Eocene scenarios. In absolute amounts, CO2 drawdown is higher in the 
2000 ppm case than in the 800 ppm. Relatively, however, drawdown falls 
in the same range: ~7% for 9.0 1017 g C and ~25% for storage of 3.5 1018 g 
C. The close match between the two is explained by the fact that for both 
the 800 and the 2000 ppm cases a similar ocean carbon inventory (IO/Rglobal) 
of ~1.1 1019 g C was inferred. Based on our calculations sequestration of 
9.0 1017 g C in the Arctic Basin had the potential to lower the concentration 
of atmospheric pCO2 by c. 55–120 ppm. When an estimated total extent of 
the Azolla interval of ~15 m is used, an even higher CO2 drawdown of 195–
470 ppm is calculated based on 3.5 1018 g C storage. However, the exact 
magnitude of atmospheric CO2 drawdown was also influenced by carbon 
cycle related feedback mechanisms. For instance, storage of carbon results 
in an increase in ocean water pH and an increase in concentration. This 
perturbs the CaCO3 cycle by increasing global burial rates of CaCO3. Such 
a perturbation in turn acts to buffer changes in oceanic pH and thus reduces 
amplitude of atmospheric pCO2 changes. On the other hand, a temperature 
feedback (i.e. cooling) would increase solubility of CO2 in the ocean and 
thus further decrease atmospheric pCO2 levels. On longer timescales (~100 
kyr), reduced silicate weathering would possibly counteract CO2 storage to 
some extent.  
Forty per cent of the calculated 55–470 ppm CO2 drawdown is directly 
attributable to Azolla production, because 40% of TOC consists of Azolla-
derived carbon. Indirectly, however, nitrogen fixation by organisms 
associated with Azolla could have increased the regional fixed nitrogen 
availability. The excess fixed nitrogen would have been available for other 
organisms in the Arctic Basin as well. If transported from the basin this 
excess fixed nitrogen could have increased productivity in an even larger 
area. In this way, Arctic Azolla blooms could also have enhanced carbon 
drawdown indirectly in a much larger area potentially contributing even 
more to decreasing CO2 levels in the Eocene. 
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 1.Linear 1. Linear 2. Exponential 2.Exponential 
 pCO2 
drawdown  
(0.9 1018 g C 
burial) 
pCO2 
drawdown 
(3.5 1018 g C 
burial) 
pCO2 
drawdown 
(0.9 1018 g C 
burial) 
pCO2 drawdown 
(3.5 1018 g C 
burial) 
Eocene 
~800 ppm 
57 ppm 220 ppm 55 ppm 195 ppm 
Eocene 
~2000 
ppm 
120 ppm 470 ppm 120 ppm 420 ppm 
 
SUMMARY 
Palaeoenvironmental reconstructions of the Middle Eocene Arctic Ocean 
suggest a warm, humid environment, with aquatic floating Azolla inhabiting 
a freshwater layer, capping more saline Arctic bottom waters. The high 
resolution record of Azolla massulae counts as obtained from sediments 
recovered during IODP expedition 302 at the Lomonosov Ridge confirm 
the cyclic pattern of Eocene Azolla abundances. Based on bulk sediment 
analyses, including high organic carbon contents, low C/S ratios, overall, 
euxinic bottom-water conditions are inferred, which is consistent with 
previous reports (Knies et al., 2008). Bulk δ15N values are persistently low 
(<–1‰) and mark the importance of nitrogen fixation as a source of fixed N 
in the stratified basin. The high Corg/Norg ratios point toward extensive 
selective degradation of nitrogen-rich organic compounds, despite the 
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Figure 8 Atmospheric pCO2 against 
emission/drawdown of     –6500 GtC. Light 
grey lines: pCO2 responds linearly with 
emissions, as described by equation 2. Dark 
grey lines: pCO2 decreases exponentially 
with carbon drawdown, following equation 
3. Calculated pCO2 levels for the different 
carbon storages (0.9 1018 and 3.5 1018 g C, 
respectively) are plotted in white for the 
linear and in black for the exponential 
solution. For both analytical solutions IA, IO, 
Rglobal, and IB are evaluated at a steady state 
at the two chosen Eocene pCO2 levels of 
800 and 2000 ppm Sea surface salinity is set 
to 35 psu, global SST to 20 °C, Eocene 
pCO2 and alkalinity are obtained from 
Pearson & Palmer (2000). 
 
Table 3 Response of atmospheric pCO2 to calculated burial of organic matter during the 
Azolla interval for two different Eocene initial partial pressures estimates. 
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continuous anoxic bottom waters. Given the low reconstructed burial 
efficiency of 1.2%, considerable biodegradation must indeed have occurred 
despite the reconstructed euxinic bottom-water conditions. Stable isotope 
analyses (δ13C) of extracted biomarkers for Azolla revealed that values in 
the Eocene differ from the present day by 3‰ (β-sitosterol) and 8‰ (1,ω-
20 C30–C36 diols), respectively. These differences are partly due to the 
different composition of the Eocene global DIC reservoir but also suggest 
that Azolla primary production rates were much higher in the Eocene than 
nowadays, leading to less 13C fractionation.  
The first results of culturing experiments of extant Azolla mimicking 
Eocene pCO2 conditions show doubling growth rates of Azolla filiculoides 
in the 1910 ppm atmospheric pCO2 treatment compared to the control of 
340 ppm. Under Eocene pCO2 conditions, Azolla could thus reproduce at 
higher rates than under present-day CO2 concentrations and could fix 
carbon at higher rates.  
A minimum and maximum estimate of carbon storage in the Arctic for 
the Azolla interval has been obtained. Calculations are based on 
extrapolation of the organic carbon accumulation rates over the entire 
Eocene Arctic basin, leaving out the Nordic Sea areas. The maximum 
organic carbon storage of 3.5 1018 g C is calculated based on accumulation 
rates of 12.7 cm kyr–1 and a time interval of 1.2 Ma for the Azolla interval. 
The minimum estimate is based on only the recovered ACEX sediments as 
age control and an associated accumulation rate of 2.43 cm kyr–1, in which 
case still a substantial amount of 9.0 1017 g C stored is computed. Storage 
of 3.5 1018 g carbon roughly corresponds to a 195–470 ppm and 9.0 1017 g 
C to a 55–120 ppm CO2 drawdown. It has been estimated that the growth of 
Azolla itself contributed at least 40% to this carbon drawdown via net 
carbon fixation and subsequent sequestration. 
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AZOLLA ON TOP OF THE WORLD - SYNTHESIS 
This thesis is the last part of the multi-disciplinary DARWIN Azolla 
research project. The overarching goal of this project was to provide the 
necessary information constraining the potential role of Azolla as a 
moderator of global nutrient cycles and if and how that role, in combination 
with the geological and oceanographical evolution of the Arctic Ocean, 
could have been instrumental in the context of Earth’s greenhouse to 
icehouse transition during the Eocene. This thesis assessed Azolla’s 
ecological and biochemical functioning during assumed environmental 
conditions during the middle Eocene Azolla interval by performing 
actuobiological experimental research on the eco-physiological boundary 
conditions of extant A. filiculoides, a species adapted to temperate climates.  
 
Salinity 
Fresh surface water as a prerequisite for Azolla  
The salt resistance limit of extant Azolla spp. roughly varies between 2.5 
and 13 ‰ (40-220 mM NaCl) (Haller et al., 1974; Deng-hui et al., 1985; 
Johnson, 1986; Rai & Rai, 1999; Arora & Singh, 2003; Masood et al., 
2006; Rai et al., 2006; van Kempen et al. 2013, Chapter 2 of this thesis). 
Therefore, assuming that the maximum salinity tolerance of Azolla spp., 
which are freshwater macrophytes is an intrinsic trait that has not evolved 
much since the Eocene, the presence of fossil Azolla remains in Eocene 
sediment deposits may in itself provide evidence that ~49 Mya the surface 
waters of the Arctic Basin and adjacent Nordic Seas frequently were fresh 
or at least brackish (Brinkhuis et al., 2006). Based on alternating 
assemblages of marine diatoms, silicoflagelate species, ebridians and very 
high abundances of freshwater chrysophyte cysts, it is has been established 
that the Eocene Arctic Ocean surface waters were dominated by overall 
brackish water conditions during the Azolla interval but with episodic 
changes in salinity and stratification corresponding to an estuarine 
circulation type. Periods with fresher surface waters and stronger salinity 
stratification were shown to alternate with more saline and weaker 
stratification (Onodera et al. 2008; Stickley et al. 2008). In addition, 
Waddell & Moore 2008 found that throughout the Azolla interval deep 
water layers remained saline. Together with the relatively isolated 
geography of the Arctic basin at that time (Jakobsson et al., 2007; 
Akhmetiev et al., 2012), the computed enhanced freshwater input via 
increased precipitation (Huber et al., 2003; Speelman et al., 2010) and river 
run off (Eldrett et al., 2009; Greenwood et al., 2010), and the long duration 
of the Azolla phase (~1.2 Ma) (Brinkhuis et al., 2006; Speelman et al., 
2009b, Chapter 5 of this thesis), these notions provide evidence for the 
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existence of seaway connections which not only progressively exerted salt 
water influences but are also likely to have contributed to the bottom water 
anoxia and euxinic conditions that were found for the deep Eocene Arctic 
Ocean (Stein et al., 2006; Knies et al., 2008; Onodera et al., 2008). The 
occurrence of episodic short term ventilation of the Arctic Ocean is 
supported by various proxies (Stickley et al., 2008; Waddell & Moore, 
2008; Gleason et al., 2009) and although the degree to which water was 
exchanged with other open oceans is still largely unknown, Speelman 
(2010) was able to provide a number of constraints considering the 
difference between surface water and bottom water salinity. 
One might argue that surface water freshening was a prerequisite for the 
massive coeval blooms of Azolla spp. (Collinson, 2009; Collinson, 2010; 
van der Burgh et al., 2013) during the Eocene, especially since Azolla spore 
abundances were shown to co-vary with salinity stratification. The highest 
spore abundances occurred at times when top surface water salinity was 
relatively low (Brinkhuis et al., 2006; Stickley et al., 2008). Barke et al. 
(2011) were able to link the cyclic nature of Azolla spore abundances to 
obliquity maxima which are generally associated with humid conditions on 
land and increased freshwater runoff from land. However, the fact that 
Azolla spores did not disappear entirely from the sediments indicates that 
the species must have had some degree of salinity tolerance. We indeed 
found that A. filiculoides, which was collected in the Netherlands, could 
tolerate salt concentrations up to 90 mM NaCl (salinity of ~5 ‰) (van 
Kempen et al. 2013, Chapter 2 of this thesis), which agrees strikingly well 
with climate modelling experiments elucidating the Eocene Arctic Ocean 
salinity and which confirmed an Arctic surface water freshening up to a 
salinity of 6 ‰ during the Azolla interval while maintaining deeper saline 
waters of 21-25 ‰ (Speelman et al., 2010). In addition, we found that the 
A. filiculoides-Azollae anabaena association after weeks of acclimatization 
was able to increase its tolerance to salt (van Kempen et al., 2013, Chapter 
2 of this thesis). It has been shown that pre-incubation at non-lethal salt 
concentrations may shorten such an adaptation period considerably 
(Abraham & Dhar, 2010; Rai et al., 2001; Rai & Rai, 2003). These findings 
indicate a phenotypic plasticity of the association in relation to salt stress 
and possibly also point to evolutionary adaptation.  
 
Adaptive responses to salt stress 
As Azolla spp. are generally rich in N thanks to their symbiosis with A. 
azollae we hypothesized that the accumulation of amino acids would be a 
likely strategy for the association to implement as an adaptive response to 
salinity stress. Although we were able to show that the amino acid 
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composition (glutamine/ glutamate ratio and proline concentration) of A. 
filiculoides provided more accurate indicators of salt stress than the plant 
growth rates, plant moisture contents and plant nutrient concentrations we 
were not able to identify it as an adaptive response (van Kempen et al., 
2013, Chapter 2 of this thesis). A. filiculoides appeared to be a salt includer 
(Marschner, 1995), at least up to concentrations of 60 mM NaCl (salinity of 
3.5 ‰). At these exogenously supplied salt concentrations the increased Na 
concentrations in the plants tissue were to some extent reverted by 
decreased K concentrations without having a substantial effect on the 
growth of the plants (van Kempen et al., 2013, Chapter 2 of this thesis). 
Instead growth of the plants seemed to be affected foremost by the 
functionality of the roots. Although the shedding of roots at high external 
salt concentrations (≥ 150 mM NaCl (salinity of ≥ 9‰) inhibited a further 
accumulation of salt ions it also strongly impaired the water uptake and the 
uptake of other mineral elements and eventually resulted in a die off of  
plants. Around the tipping point (120 mM NaCl (salinity of ≥7‰) however, 
A. filiculoides was able to occasionally regenerate its roots, which probably 
contributed to its survival in this treatment (van Kempen et al. 2013, 
Chapter 2 this thesis). 
 
Azolla as a prerequisite for a freshwater lens on brackish water  
In present day estuaries wind and wave action are known to increase 
mixing between water layers despite the formation of a halocline (Wetzel, 
2001). The fact that salinity stratification in the Arctic basin during the 
Eocene was preserved during very long periods and was especially strong at 
times when spore abundances of Azolla were very high (Brinkhuis et al., 
2006; Stickley et al., 2008) may indicate that the presence of a thick Azolla 
cover played a significant role in keeping the top layer of the surface waters 
fresh. We have indeed shown that when Azolla is growing in a brackish 
water environment it is able to generate a small-scale salinity gradient 
(micro-halocline at approximately 5-7 cm) by muffling the force of wind 
and trapping rainwater in between its biomass. These results make it very 
plausible that the presence of Azolla in the Eocene Arctic basin contributed 
to the development of small-scale salinity stratification within the already 
brackish surface water layer (Brinkhuis et al., 2006; Stickley et al., 2008) 
resulting from the enhanced freshwater input via rain (Huber et al., 2003; 
Speelman et al., 2010), not only by trapping rainwater, but even more so by 
diminishing the influence of wind action on the mixing of water layers (van 
Kempen et al. 2012, Chapter 3 of this thesis). In addition, the avoidance of 
salinity stress by shedding of roots (van Kempen et al. 2013, Chapter 2 of 
this thesis) may have facilitated the expansion of Azolla arctica further 
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away from the coast by helping it to survive sudden salinity changes and 
providing it with the opportunity to swiftly generate its own freshwater 
environment before root regeneration. 
 
Conclusion for hypothesis 1 
Considering all of the above we may conclude that surface waters of the 
Arctic Ocean in the early mid Eocene frequently were fresh enough, or at 
least became fresh enough, to allow the growth and expansion of Azolla 
spp.. Based on the salt resistance level of present day Azolla spp., and the 
plasticity therein, it is likely that ancestral Azolla spp. equally possessed 
some degree of salinity tolerance. In addition, they probably acted as 
ecosystem engineers by trapping rain water and generating small scale 
salinity stratification in which the shedding and regrowing of roots may 
have been instrumental in providing it with the opportunity to survive 
sudden salinity shocks and swiftly generate its own freshwater environment 
before root regeneration.  
 
Nutrient availability 
Stickley et al. (2008) have shown that the incursion of more saline water 
into the Arctic basin, probably due to combinations of various 
transgressions (Gleason et al. 2009), happened 100 000 – 150 000 years 
after the demise of Azolla (~48.5 Mya) rather than directly at its termination 
(~48.6 Mya) as was hypothesised by Brinkhuis et al. (2006). This may 
indicate that the growth of Azolla in the Eocene Arctic basin and adjacent 
Nordic Seas was not solely dependent on surface water freshening, though 
decreases in low salinity tolerant dinoflagellates and several first 
occurrences of marine taxa do indicate that surface waters in the Arctic 
Ocean were increasingly influenced by salinity at the demise of Azolla 
(Barke, 2010, Chapter 4 of her thesis). At present, nutrient availability is a 
strong environmental predictor variable for the occurrences of Azolla stands 
(Chapter 1 of this thesis). For its growth to have been as massive as it 
appears the Azolla in the Eocene Arctic must have had access to a sustained 
supply of nutrients. 
 
Nitrogen 
It has been shown that dinitrogen (N2) fixation by cyanobacteria was a 
persistent feature in the Eocene Arctic Ocean (Knies et al., 2008; Speelman 
et al., 2009b, Chapter 5 of this thesis) and although this cannot totally be 
ascribed to Azolla there is strong evidence that at times of the Eocene 
interval Azolla already lived in symbiosis with cyanobacteria (Bauersach et 
al., 2010). Besides the fact that the Azolla-Nostocaceae association 
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(Bauersach et al., 2010) is thus likely to have been self-sufficient in its 
nitrogen (N) demand it is also know from present day Azolla spp. that an 
exogenous supply of combined N sources may enhance its growth. 
Therefore it may also have benefited from the N fixed by other external 
cyanobacteria.  
 
Phosphorus 
Extant Azolla spp. have an exceptionally high P demand (Lumpkin & 
Plucknett, 1980; Lumpkin & Plucknett, 1982). Dissolved inorganic 
phosphate in the surface water of the Eocene Arctic Ocean is likely to have 
originated from the release from sediments within and adjoining the Arctic 
Ocean, and/or from the inflow via rivers. Given that the basin was 
relatively deep and highly stratified at the time of the extensive Azolla 
blooms it seems unlikely that much of the sediment derived phosphate 
within the deep Arctic Ocean became available to Azolla, as was suggested 
by Speelman (2010, chapter 7 of her thesis). She used a box model to 
elucidate the Eocene Arctic Ocean P cycling through ocean ventilation as 
restricted by the differences in surface water and bottom water salinity. 
Also, she was able to include obliquity cycles which were proposed to 
control Azolla growth (Barke et al., 2011). Speelman (2010, Chapter 7 of 
her thesis) computed that in order to sustain the high primary productivity 
of 120 g C m-1 y-1, as postulated by Knies et al. (2008), an intensive 
recycling of P in the surface waters would have been needed, but still with a 
considerable relative contribution of deep water upwelling (70-85 %) to 
total inorganic P availability.  
In stratified lakes it is well known that the presence of a halocline often 
results in a hypolimnetic nutrient accumulation (Wetzel, 2001; Slomp & 
Van Cappellen, 2007). If this were also the case in the Eocene Arctic Ocean 
it would mean that the growth of Azolla was largely dependent on the 
release of phosphate from shallow sediments adjoining the Arctic Ocean 
and especially on the phosphate input via rivers. Therefore, the fact that 
Azolla nevertheless was able to disperse all the way to the central Arctic 
Ocean suggests an enormous expansion of the Azolla from the coastal 
regions and a probable mechanism for efficient recycling of nutrients in the 
fresh surface water layer of the open ocean.  
Our results already indicated that Azolla may act as an ecosystem 
engineer being able to create small scale salinity stratification within 
brackish waters thereby reducing potential salt stress (van Kempen et al., 
2012, Chapter 3 of this thesis). In addition, we found that this micro 
halocline formation may also allow efficient recycling of nutrients in the 
top surface water layer as mineralization of biomass then mainly occurs 
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within the Azolla cover. Usually a halocline prevents the phosphorus that is 
released from decomposing organic matter at the bottom of water bodies 
from reaching the water surface (Wetzel, 2001; Slomp & Van Cappellen, 
2007). However, we were able to show that within an Azolla cover the 
formation of a micro-halocline works in a reversed way by preventing 
phosphorus that is released from biomass mineralization in the top surface 
water layer from becoming dispersed throughout the water body (van 
Kempen et al., 2012, Chapter 3 of this thesis). In addition, we found that 
the discontinuity of P dispersal between the top surface water layer and the 
water layers beneath also accounted for different oxygen concentrations in 
the different water layers. As reduced oxygen concentrations in surface 
waters are known to contribute to a greater dissolution, not only of P but 
also of other elements that are redox sensitive (e.g. Fe and Mo), such 
conditions may significantly contribute in keeping nutrients available to 
Azolla. Marked increases in C/N ratios in the ACEX sediments, coinciding 
with a rise in δ15N towards Azolla maxima may point to a similar 
mechanism during the Eocene as these probably indicate that at times of 
extensive Azolla growth the water column became slightly less oxygenated 
increasing the impact of denitrification and/or anammox (Speelman et al., 
2009b, Chapter 5 of this thesis).  
 
Conclusion for hypothesis 2 
With regard to the Eocene the release of phosphate from flooded shelf 
areas adjoining the Arctic basin and the entering of phosphate via river 
discharge together with the development of micro-haloclines may have 
facilitated the enormous expansion of Azolla from the coastal areas to the 
open ocean. As upwelling of P from deep water layers was likely restricted 
nutrient accumulation within the micro-halocline may have enabled nutrient 
recycling at long distances from the coast. Micro-halocline enabled nutrient 
recycling may therefore explain why no intact vegetative Azolla remains 
were found (Brinkhuis et al., 2006) and why the burial efficiency of organic 
carbon was found to be relatively low during this interval as these findings  
suggest that despite bottom water anoxia extensive biodegradation must 
have occurred either during transport in the water column, at the sediment-
water interface or over time within the sediments (Speelman et al., 2009b, 
Chapter 5 of this thesis). Speelman (2010, Chapter 7 of her thesis) showed 
in a box model that modulation of river runoff following obliquity cycles 
indeed provided a mechanism to increase and decrease primary productivity 
within the Arctic basin. In additions, she found indications of reduced and/ 
or altered riverine sediment inputs at the end of the Eocene Azolla interval 
possibly due to changes in sea level, as may be inferred from an overall 
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decrease in total terrestrial palynomorph concentrations (Barke et al., 
2011), and enhanced P burial directly following the Eocene Azolla interval. 
Concurring, we suggest that reductions in dissolved inorganic P availability 
may well have contributed to the demise of Azolla in the Eocene Arctic.  
 
Interacting effects of atmospheric CO2, T, light and nutrients 
We were able to show that growth of temperate A. filiculoides strongly 
increased at elevated atmospheric CO2 concentrations (1000 and 1600 ppm) 
as compared to their growth at ambient conditions. The maximum response 
occurred at a fourfold increase in atmospheric CO2 and showed a twofold 
growth stimulation (Chapter 4 of this thesis). It has been shown for 
subtropical Azolla spp. and ecotypes that CO2 enrichment may help the 
plants to cope better with environmental stresses such as high temperature 
extremes and high light intensities (Allen et al., 1988; Idso et al., 1989; 
Cheng et al., 2010). We however found a strongly decreased growth of A. 
filiculoides in summer, especially when the plants were harvested as this 
resulted in an increased growth of cyanobacteria. Our analyses showed 
negative effects of high temperature on the growth rate of temperate A. 
filiculoides which acted independently of atmospheric CO2 and also 
negative effects of high PAR which were especially profound at high 
atmospheric CO2 concentrations (1600 ppm). As biological process rates 
generally are suboptimal in temperate regions, whereas in subtropical and 
tropical regions they are already near optimal, it has been suggested that 
climate change in temperate zones may result in larger increases in primary 
production than in subtropical and tropical zones (Rosenzweig & Liverman, 
1992). However, our results for temperate A. filiculoides indicate that this 
may only be true as long as the changes in climate variables fall within the 
tolerance ranges of the species. The outcome is also highly dependent on 
the interacting effects of other variables such as nutrient availability and 
biomass density (Chapter 4 of this thesis).  
We found that nutrient availability became increasingly important to 
Azolla with rising atmospheric CO2 concentrations due to the stimulating 
effect of high CO2 on the plants growth rates. In addition we found that 
high T and high PAR affected the N concentrations in temperate A. 
filiculoides, most likely by inducing photorespiration and photoinhibition, 
which both limited the growth of the association, either by exerting 
negative effects on Azolla or on symbiotic A. azollae. Though crowding 
also significantly reduced the growth rates of A. filiculoides and 
overshadowed the effect of CO2 enrichment it helped temperate A. 
filiculoides considerably to sustain unfavourable summer conditions, 
probably by reducing the dilution of tissue nutrient concentrations, by 
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locally lowering the effects of high T and high PAR and by providing a 
competitive advantage over external cyanobacterial growth.  
 
Implications for the Eocene Azolla interval  
The lower-middle Eocene ACEX sediments of the Azolla interval were 
found to be finely laminated with alternating dark organic rich layers, 
dominated by Azolla spores, and light biosilica-rich layers, dominated by 
siliceous microfossils (Brinkhuis et al., 2006). Brinkhuis et al. (2006) 
hypothesized these laminations to reflect alternations of early spring 
brackish phytoplankton blooms followed by late spring to summer 
precipitation increases and stable stratified fresh surface waters allowing 
rapid chrysophyte and Azolla growth. Superimposed on the annual layers 
Azolla spore abundances were found to co-vary with obliquity cycles with 
maximum spore abundances occurring at obliquity maxima reflecting times 
of maximum insolation (Barke et al., 2011).  
It has been recognized that sporulation in Azolla spp. mainly occurs 
when plants occur in mats with high biomass densities (Janes, 1998b and 
references therein). Also, interacting effects of photoperiod and light 
intensity have been suggested to play a role with sporulation occurring 
mostly as days shorten and light intensity decreases. Finally, temperature 
extremes and N and P availability are believed to play a role in sporulation 
in Azolla (Janes, 1998b), with P application having been found to both 
induce (Janes, 1998b) and reduce (Kar et al., 2000) sporulation.  
From the fact that the number of spores in the ACEX sediments were 
enormous (~5·106 spores m-2 yr-1) and correlated with total organic carbon 
contents in the sediments we may draw the conclusion that growth of 
Azolla was massive and that the plants are likely to have occurred at high 
densities during the Eocene. For comparison, it was estimated that a thick 
mat of 8 kg m–2 fresh biomass is needed to produce 380 000 
microsporocarps and 85 000 megasporocarps per m–2 during a growing 
season (Janes, 1998b).  
The exact relation between the atmospheric CO2 concentrations and the 
greenhouse climate of the early Eocene is uncertain because different 
proxies give extremely variable estimates ranging between 400 and 3500 
ppm (Pearson & Palmer, 2000; Royer et al., 2001; Yapp, 2004). 
Nevertheless, atmospheric CO2 concentrations are assumed to have reached 
over 2000 ppm during the early mid Eocene (Pearson & Palmer, 2000). As 
the differences in RGRs between the plants grown at 400 and 1000 ppm 
CO2 in our experiments were relatively bigger than the differences in RGRs 
between the plants grown at 1000 and 1600 ppm CO2 we may assume that 
any concentration beyond 1600 ppm would have resulted in the maximum 
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growth potential of Azolla, assuming that also other environmental 
variables were near optimal (Chapter 4 of this thesis).  
The maximum annual temperature at the high Arctic is assumed to have 
reached 25 °C (Basinger et al., 1994; Greenwood et al., 2010). The sea 
surface temperature of the Arctic Ocean has been estimated to have reached 
~10 °C during and 13–14 °C immediately following the Azolla phase 
(Brinkhuis et al., 2006). From present day Salvinia natans stands it is 
known that they may prevent warming of the water column beneath their 
cover (Netten et al., 2011). As the temperature estimates for the Eocene 
Arctic compare fairly well to the temperatures of the CO2 fertilisation 
experiments that generated the highest biomass production rates (spring and 
fall ’08, Chapter 4 of this thesis) we may assume that Eocene Azolla was 
not negatively affected by temperatures occurring, whereas the higher 
atmospheric CO2 concentrations will certainly have stimulated Azolla 
growth.  
Azolla may have benefitted from growing at high latitudes where the 
solar radiation reaching the Earth’s surface spreads over a relatively larger 
area than at lower latitudes. Though obliquity maxima are associated with 
maximum insolation, which may have negatively affected Eocene Azolla, 
the resulting intensified hydrological cycles (Huber et al., 2003; Speelman 
et al., 2010) may on the other hand have increased cloud cover, possibly 
limiting the number of days with high light intensities. In addition, and as 
already has been discussed in earlier sections of this synthesis, obliquity 
maxima are likely to have contributed to enhanced fresh water and nutrient 
input into the Arctic basin, including micro halocline enabled efficient 
nutrient recycling, which may have enabled Eocene Azolla blooms to 
generally cope better with the possible less favourable conditions during 
mid summer. The fact that not all of the N2 fixation in the Eocene Arctic 
can be ascribed to the Azolla-Nostocaceae association might indicate that 
also at Eocene times Azolla sometimes had to compete with free living 
cyanobacteria.  
 
Conclusion for hypothesis 3 
Our results, in combination with the reported enormous numbers of 
spores in the ACEX sediments and various proxies giving favourable 
estimates of early mid Eocene atmospheric CO2 concentrations and 
temperatures, are supportive of massive Eocene Azolla occurrences. We 
suggest that massive sporulation of Eocene Azolla mostly occurred during 
the second half of the growing season at high biomass densities and as days 
shortened.  
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Biological feedback of Eocene Azolla on atmospheric CO2 and its effect 
on climate 
The Azolla phase in the Eocene Arctic, during which the organic carbon 
content of the sediment reached a maximum (Moran et al., 2006), coincided 
with a global shift towards higher δ13C values (Zachos et al., 2001; Tripati 
et al., 2005; Zachos et al., 2008), suggesting enhanced global sequestration 
of organic matter and declining atmospheric CO2 concentrations (Pearson 
& Palmer, 2000; Pagani et al., 2005). Waddell & Moore (2008) also found 
a positive δ13C excursion in fish bone remains and speculated that during a 
period of extreme primary productivity the Arctic surface waters became 
depleted in 12C, which subsequently resulted in 13C enriched bone tissue.  
The combination of extremely high primary production by Azolla on a 
freshwater surface, together with the anoxic and saline nature of Eocene 
Arctic deep waters, would have made the Arctic Ocean suited as an 
important carbon sink. Sustained growth of Azolla in a major anoxic 
oceanic basin may have contributed significantly to reducing atmospheric 
CO2 levels, either directly by the storage of large amounts of organic 
carbon or/and indirectly through enhanced N2 fixation.  
N2 fixing bacteria play a key role in global biogeochemical cycles as 
availability of fixed N and dissolved P together limit primary productivity 
and thus CO2 fixation (Fowler et al., 2013). In anoxic environments a 
substantial loss of fixed N occurs through denitrification or anaerobic 
ammonia oxidation thereby (Kuypers et al., 2003) limiting N availability 
for primary production. Growth of Azolla would not have been bothered by 
this loss of fixed N to the anoxic deep ocean as this was likely compensated 
for by it symbiotic N2 fixating bacteria, but may well have affected primary 
productivity of other organisms. C/N ratio’s in the ACEX sediments are 
significantly higher than in extant Azolla, pointing to a selective 
degradation of N rich organic compounds in the Eocene Arctic despite 
bottom water anoxia. This may have resulted from micro-halocline nutrient 
cycling within the Azolla cover near the water surface in a more oxygenated 
environment (van Kempen et al. 2012, Chapter 3 of this thesis), though 
rises in δ15N in the ACEX sediments towards Azolla spore maxima indicate 
that at times of extensive Azolla growth, also surface waters became 
slightly less oxygenated (Speelman et al. 2009b, Chapter 5 of this thesis). 
The potential CO2 drawdown during the Azolla interval could be 
estimated using sedimentary total organic carbon (TOC) content and 
sedimentation rates. Combining TOC values of 4 wt % with a mass 
accumulation rate of 35 g m–2 year–1 resulted in a net carbon burial rate of 
1.4 g C m–2 year–1. Recently, Knies et al. (2008) estimated a maximum 
primary paleoproductivity during the Azolla phase of 120 g C m–2 year–1 
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using sedimentary organic carbon content, correcting for decomposition in 
the water column, burial efficiency and dilution by inorganic sediment 
(Knies & Mann, 2002). Our experiments showed average production rates 
for extant Azolla under ambient conditions of 4.5–5 g dry weight per m2 
day–1 equalling 2 g C m–2 day–1 (Chapter 4 of this thesis; Speelman et al. 
2009b, Chapter 5 of this thesis). As a production rate of 2 g C m–2 day–1 
would have yielded 120 g C m–2 within 2 months, a primary production 
estimate of 120 g C m–2 year–1 seems very reasonable, also considering the 
fact that a large part of the Eocene Azolla biomass may have been directly 
recycled within the top surface water layer (van Kempen et al., 2012, 
Chapter 3 of this thesis).  
Based on the preservation of Azolla biomarkers (Speelman et al., 2009a) 
and assuming that all organic constituents in Azolla would have preserve 
equally well it was estimated that about 40% of the Eocene TOC would be 
derived from Azolla. CO2 fixation by Azolla and subsequent burial of 
Azolla–derived organic matter would have had direct consequences for the 
carbon inventory of the atmosphere - ocean system where the burial of 
Azolla-derived organic matter is assumed to occur in conjunction with 
ongoing cycling of carbon. Taken the effects of enhanced organic carbon 
storage in the Eocene Arctic Basin on atmospheric pCO2 levels and ocean-
atmosphere partitioning into account it was calculated that 9.0 1017 g C 
(equalling 3.3 1018 g CO2) to 3.5 1018 g C (equalling 13 1018 g CO2) would 
have been stored in the Eocene Arctic basin (4.0 106 km2) during the Azolla 
interval, provided TOC contents are laterally uniform at 4%. This would 
have resulted in a 55-470 ppm CO2 drawdown in the atmosphere of which 
40 % may be directly attributed to Azolla.  
 
Conclusion for hypothesis 4 
We have shown that under elevated atmospheric CO2 conditions Azolla 
will sequester C at significantly higher rates than under present-day 
circumstances. It was computed for the Eocene Azolla interval, that the 
massive growth and burial of Azolla may have resulted in a 0.9 1018 – 3.5 
1018 g carbon storage giving rise to a potential 55 to 470 ppm drawdown of 
global atmospheric CO2. From this it may be concluded that Azolla blooms, 
at magnitudes like in the Eocene Arctic Ocean, may well have had a 
significant effect on global climate. As these calculations left out the 
Nordic sea areas this CO2 drawdown in practice may have been even 
bigger. 
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Invasiveness of Azolla occurrences in relation to future climate change 
A. filiculoides is the northernmost occurring Azolla species (Lumpkin & 
Plucknett, 1980). It can be found in ditches, canals, ponds and water 
reservoirs that show relatively high P concentrations (Bloemendaal & 
Roelofs, 1988; Janes, 1998a,b). N is often limiting biomass production in 
these waters, which therefore offer a competitive advantage to plants and 
cyanobacteria that, like the Azolla-Anabaena symbiosis, are able to fix N2 
from the atmosphere to meet their N demand. Besides N availability, 
probably also variations in temperature and solar radiation may explain the 
seasonal abundance of the species and the strong variations observed 
among different years (Peeters et al., 2013).  
Comparable to the early mid Eocene present day atmospheric CO2 
concentrations amount to approximately 400 ppm but are estimated to reach 
values between 550 and 970 ppm (equal to 600 and 1550 ppm CO2 
equivalents) by the end of this century, depending on the emission 
scenarios about future courses of economic development, demography and 
technological changes (IPCC, ISAM model, 2007). Noxious floating plant 
species such as Azolla might therefore reach higher densities earlier in the 
year and become more problematic. We have shown that temperate A. 
filiculoides increased its biomass production rates in response to elevated 
atmospheric CO2 concentrations in spring. As a result Azolla is likely to 
profit in summer as long as it is able to completely cover the surface water, 
giving it a competitive advantage over free living cyanobacteria, and/or as 
long as very high air T and high PAR do not occur. In addition, Azolla is 
likely to become more abundant in fall. With respect to future climate 
change our results suggest that in eutrophic waters, temperate Azolla 
species may become more invasive thereby negatively affecting 
biodiversity (Chapter 4 of this thesis). These invasions are, however, only 
possible in eutrophic waters and should, given the global occurrence of 
Azolla, be seen as an indicator of poor water quality rather than a problem 
of exotic invasion. In the Netherlands, Azolla filiculoides has been present 
since 1880 (March, 1914) and can therefore not be regarded a recent 
invasive species. 
 
Azolla in ecosystem services related to future climate change 
Although A. filiculoides is considered a noxious weed in many areas 
worldwide, as it generally causes significant biodiversity loss, there are 
several initiatives emerging in which the species is being used for the 
mitigation of CO2 emissions and for soil remediation. The latter application 
mostly aims at the remediation of former agricultural lands that are 
intended for wetland development, for water storage, or for paludiculture. 
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Especially the rewetting of (agricultural) peatlands would offer climate 
change mitigation by preventing further peat decomposition through 
oxidation, thereby also preventing a further soil subsidence, and by 
allowing the restoration of carbon storage due to new peat formation.  
Former agricultural lands are generally extremely loaded with P due to 
intensive fertilisation. Inundation of these lands often leads to massive P 
mobilization from the soil (Smolders et al., 2006). The remediation of 
agricultural lands and peatlands by means of water retention and Azolla 
harvesting may not only provide a sustainable solution to eutrophication 
problems, but also may provide a sustainable way to re-use P in response to 
the decreasing world P stocks (van Vuuren et al., 2010). For example, P 
uptake by Azolla may be as high as 32 kg ha-1 year-1 (Chapter 4 of this 
thesis) equalling that of a maize cropland yielding 6-9 ton ha-1 y-1 (Vance et 
al., 2003). In addition, Azolla stands may prevent an increase in mosquito 
plagues (van Hove & Lejeune, 2002) and cyanobacterial blooms, both of 
which are problems associated with water storage on former arable lands. 
Therefore, rather than only stressing possible negative aspects of Azolla in 
relation to climate change also novel promising opportunities for the 
controlled use of this resilient fast-growing aquatic genus (genius) should 
be considered.  
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What is Azolla? 
Azolla is a small floating freshwater fern known from temperate, tropical 
and subtropical regions all over the world. Distinctive to Azolla is that it 
encloses a permanent endosymbiotic prokaryotic community inside its leaf 
cavities. The most notable member of this community is the dinitrogen (N2) 
fixing cyanobacterium Anabaena Azollae which is able to meet the entire 
nitrogen (N) demand of the symbiosis, as long as in return Azolla provides 
it with fixed sources of carbon (C).  
 
Eocene Azolla occurances coinciding with climate change 
Fossil Azolla species have been recognised in freshwater deposits from 
the mid to late Cretaceous (~100 million years ago (Ma)) onward. In 2004, 
however, high abundances of fossil spores of Azolla were found in mid 
Eocene (~48.5 Ma) marine sediments. The sediments were drilled in the 
central Arctic Ocean during a Coring Expedition (ACEX) of the Integrated 
Ocean Drilling Program (IODP). Many of the encountered mature 
megaspores in the marine sediments had microspore massulae attached 
suggesting that Azolla grew and reproduced in situ in the Arctic Ocean 
during the Eocene. The Azolla spore abundances were found to co-vary 
with physical parameters in the ACEX cores such as sediment density and 
the total organic carbon content and varied between 50,000 and 300,000 
spores/g dry sediment, demonstrating the marked intensity of its growth.  
 
Throughout the geological record fluctuating atmospheric carbon 
dioxide (CO2) concentrations have been shown to coincide with alternations 
of glacial and interglacial periods. Based on this observation, amongst 
others, changes in atmospheric CO2 concentrations are commonly regarded 
as forcing mechanism of global temperatures on geological time scales. 
Analyses of proxies in the ACEX cores indicated that atmospheric CO2 
concentrations reached over 2000 ppm during the early Eocene, which is 5 
times higher than the current concentration. However, during the middle 
Eocene, at times of the Azolla growth, atmospheric CO2 concentrations 
declined and the earliest signs of a climatic shift from greenhouse to 
icehouse became apparent. It has been suggested that the massive growth of 
Azolla, and its burial in deep ocean water layers, contributed to the climate 
change by creating a significant biological sink for atmospheric CO2. 
 
This thesis is the last part of a multi-disciplinary research project. The 
overarching goal of this project was to provide the necessary information 
constraining the potential role of Azolla as a moderator of global nutrient 
cycles, and if and how that role, in combination with the geological and 
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oceanographical evolution of the Arctic Ocean, could have been 
instrumental in the context of Earth’s greenhouse to icehouse transition 
during the Eocene. This thesis assessed Azolla’s ecological and biochemical 
functioning during assumed environmental conditions during the middle 
Eocene Azolla interval by performing actuobiological experimental 
research on the eco-physiological boundary conditions of extant A. 
filiculoides, a species collected in the Netherlands and adapted to temperate 
climates.  
 
The Eocene high Arctic region  
The high Arctic region discerned marked seasonality during the Eocene 
that besides from obliquity cycles probably also resulted from alternating 
periods of continuous sunlight, twilight, and darkness. Concomitant with 
the high atmospheric CO2 concentrations the early middle Eocene was 
characterized by warm and humid greenhouse conditions, which induced an 
intensified hydrological cycle with precipitation exceeding evaporation at 
high latitudes. The considerable discharge of freshwater via rain and river 
discharge into the Arctic basin, which at that time was fairly isolated, very 
probably contributed to a surface water freshening. Indeed, Arctic Ocean 
surface waters were dominated by overall brackish water conditions during 
the Azolla interval, but with episodic changes in salinity and stratification 
corresponding to an estuarine circulation type. Azolla spore abundances 
were shown to co-vary with these episodic changes in salinity and 
stratification, with the highest spore abundances occurring at times when 
the top surface water salinity of the Arctic Ocean was relatively low. The 
fact that deep ocean water layers of the Arctic basin remained saline may be 
interpreted as evidence for (semi) permanent (shallow) waterway 
connections with other oceans. During the early middle Eocene the bottom 
ocean waters layers in the basin however occasionally suffered from anoxia 
and euxinic conditions, which have been suggested to have resulted from 
combinations of various transgressions.  
 
Azolla and Salinity 
As Azolla spore abundances were shown to co-vary with salinity 
stratification the proposed fresh water lens on top of more saline deep 
ocean water layers might have been a prerequisite for the then massive 
coeval blooms of A. arctica, A. jutlandica, A. nova, A.nuda and A. 
astroborealis occurring not only in the Arctic Ocean, but also in adjacent 
Nordic seas. However, the fact that Azolla spores did not disappear entirely 
from the sediments indicates that the species must have had some degree of 
salinity tolerance. Based on the salt resistance level of present day Azolla 
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spp. (roughly varying between 2.5‰ and 13‰), and the plasticity therein, it 
is likely that ancestral Azolla spp. equally possessed some degree of salinity 
tolerance. There are plant species that accumulate amino acids to increase 
their salt resistance level. Though in extant A. filiculoides amino acids 
(glutamine/ glutamate ratios and proline concentrations) were found to be 
more accurate indicators of salt stress than the plant growth rates, plant 
moisture contents and plant nutrient concentrations, especially around the 
tipping point, their accumulation could not be identified as an adaptive 
response to salt stress. Instead, A. filiculoides was found to be a salt 
includer. In addition, its growth and and survival was foremost determined 
by the functionality of its roots. High external salinities of ≥ 9‰ induced 
root shedding and although this prevented a further accumulation of salt 
ions in the plant tissue it also strongly impaired the water uptake and the 
uptake of other mineral elements which eventually resulted in a die off of 
plants. Around the tipping point (salinity of ≥7‰) A. filiculoides was able 
to occasionally regenerate its roots.  
Such a mechanism of shedding and regrowing roots may allow the 
species to survive environments where sudden salinity changes occur. As in 
brackish water environments the presence of an Azolla cover was found to 
generate a small-scale salinity gradient (micro-halocline at approximately 
5-7 cm) by muffling the force of wind action on the mixing of water layers 
and by trapping incoming rainwater in between its biomass, it is likely that 
in the Eocene Arctic Ocean A. arctica acted as an ecosystem engineers 
avoiding salt stress by generating small scale salinity stratification in the 
already brackish surface water layers near the coast, with the shedding of 
roots being instrumental in the expansion of A. arctica further away from 
the coast by providing it with the opportunity to swiftly generate its own 
freshwater environment before regenerating its roots again.  
 
Azolla and Nutrient availability 
The incursion of more saline water into the Arctic basin only happened 
100 000 – 150 000 years after the demise of Azolla (~48.5 Mya) rather than 
directly at its termination (~48.6 Mya). This may indicate that the growth of 
Azolla in the Eocene Arctic basin and adjacent Nordic Seas was not solely 
dependent on surface water freshening. At present, nutrient availability is a 
strong environmental predictor variable for the occurrences of Azolla 
stands. For its growth to have been as massive as it appears the Azolla in 
the Eocene Arctic must have had access to a sustained supply of nutrients. 
 
There is strong evidence that at times of the Eocene interval A. arctica 
already lived in symbiosis with cyanobacteria fixating N2 from the 
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atmosphere.  This means that the growth of the species would have been 
primarily limited by phosphorus (P). 
Extant Azolla spp. have an exceptionally high P demand. Dissolved 
inorganic phosphate in the surface water of the Eocene Arctic Ocean would 
have originated from the release from sediments within and adjoining the 
Arctic Ocean, and/or from the inflow via rivers. Given that the basin was 
relatively deep and highly stratified at the time of the extensive Azolla 
blooms, it seems unlikely that much of the sediment derived phosphate 
within the deep Arctic Ocean became available to Azolla. This suggests that 
the growth of A. arctica would have been largely dependent on the release 
of phosphate from shallow sediments adjoining the Arctic Ocean and on the 
phosphate input via rivers.  
 
Micro-halocline enabled nutrient recycling may explain extreme Azolla 
growth in the Eocene Arctic Ocean  
It was found that the micro-halocline formation induced by Azolla 
presence not only allowed avoidance of salt stress but also prevented the 
phosphorus that was released upon biomass mineralisation in the top 
surface water layer from becoming dispersed throughout the water column. 
With the mineralisation of Azolla biomass occurring in the top surface 
water layer the discontinuinity between water layers was not only found for 
phosphorus but also for oxygen concentrations. As reduced oxygen 
concentrations in surface waters are known to contribute to a greater 
dissolution, not only of phosphorus but also of other elements that are redox 
sensitive (e.g. iron and molybdenum), such conditions may significantly 
contribute in keeping nutrients available to Azolla. As such, micro-halocline 
formation may provide a mechanism that ensures the maintenance of a 
large standing biomass in which additional input of nutrients ultimately 
result in a further expansion of an Azolla cover and may thus explain the 
extent of the Azolla event during the Eocene. In addition it may explain 
why in the ACEX sediments no intact vegetative Azolla remains were 
found and why the burial efficiency of organic carbon was found to be 
relatively low during this interval. With the expansion and growth of A. 
arctica being foremost dependend on the release of phosphate from shallow 
sediments adjoining the Arctic Ocean and on the phosphate input via rivers 
it is likely that reductions in dissolved inorganic P availability contributed 
to the demise of Azolla in the Eocene Arctic.  
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Interacting effects of atmospheric CO2 concentrations, T and PAR on 
Azolla growth 
Atmospheric CO2 concentrations are assumed to have reached over 2000 
ppm during the early mid Eocene. It has been shown for extant Azolla 
species that atmospheric CO2 enrichment significantly enhances the growth 
rate of the species. However, interacting effects of temperature (T) and light 
intensity (PAR) may significantly reduce the maximum growth potential of 
the species, especially when changes in these climate variables fall outside 
the tolerance ranges of the species.  
It was found that nutrient availability became increasingly important 
with rising atmospheric CO2 concentrations due to its stimulating effect on 
the plants growth rates. In addition, it was found that high T and high PAR 
reduced nitrogen concentrations in temperate A. filiculoides by negatively 
affecting the symbiotic A. azollae and thereby limiting the overall growth 
of the symbiosis. It was shown that over crowding helped temperate A. 
filiculoides considerably to sustain unfavourable summer conditions by 
reducing the dilution of tissue nutrient concentrations and probably also by 
locally lowering the effects of high T and high PAR and by providing a 
competitive advantage over external cyanobacterial growth. However, over 
crowding also significantly reduced the maximum growth potential of A. 
filiculoides in response to the CO2 enrichment. Given the various proxy 
estimates discerning the Eocene environmatal conditions and the fact that 
these would not have induced any growth limitations our findings are 
supportive of massive Eocene Azolla occurrences.  
 
The role of Azolla in the Eocene climate transition 
The Azolla phase in the Eocene Arctic coincided with a global shift 
towards higher δ13C values suggesting enhanced global sequestration of 
organic matter and declining atmospheric CO2 concentrations. The 
combination of extremely high primary production by Azolla on a 
freshwater surface, together with the anoxic and saline nature of Arctic 
deep waters, make the Eocene Arctic Ocean idealy suited as a carbon sink. 
Sustained growth of Azolla in a major anoxic oceanic basin may have 
contributed significantly to reducing atmospheric CO2 levels, either directly 
by the storage of large amounts of organic carbon or/and indirectly through 
enhanced N2 fixation.  
It was computed for the Eocene Azolla interval, that the massive growth 
and burial of Azolla may have resulted in a 0.9 1018 – 3.5 1018 g carbon 
storage giving rise to a potential 55 to 470 ppm drawdown of global 
atmospheric CO2. From this it may be concluded that Azolla blooms, at 
magnitudes like in the Eocene Arctic Ocean, may well have had a 
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significant effect on global climate. The total CO2 drawdown may have 
been even bigger as these calculations left out the Nordic sea areas where 
the growth of other Azolla species co-incided with the A. arctica 
occurances during the Eocene. 
 
Azolla and future climate change 
Comparable to the early middle Eocene present day atmospheric CO2 
concentrations amount to approximately 400 ppm but are estimated to reach 
values between 550 and 970 ppm by the end of this century. Floating plant 
species such as Azolla might therefore reach higher densities earlier in the 
year. As a result Azolla is likely to profit in summer as long as it is able to 
completely cover the surface water giving it a competitive advantage over 
free living cyanobacteria and/or as long as very high air T and high PAR do 
not occur. In addition Azolla is likely to become more abundant in fall. 
With respect to future climate change it is to be expected that in eutrophic 
waters, temperate Azolla species may become more invasive thereby 
negatively affecting biodiversity. These invasions, however, are only 
possible in eutrophic waters and should be seen as indicators of poor water 
quality rather than as problems of exotic invasions. 
 
Azolla as an indicator of poor water quality 
A. filiculoides is the northernmost occurring Azolla spp.. In the 
Netherlands it occurs since 1880, mostly in the western parts of the country 
where the maritime climate tempers winter temperatures and enhances it 
vegetative survival during the cold season. However, as a result of climate 
change it is increasingly expanding its distribution eastward. A. filiculoides 
usually is most abundant at the end of summer and in autumn but its 
abundance may strongly differ from year to year partially due to variations 
in temperature, relative humidity and solar radiation.  
A. filiculoides mainly occurs in agricultural ditches that are affected by 
either external or internal eutrophication and as a result show relatively 
high P availability. N is often the most limiting nutrient for biomass 
production in such systems, which therefore offer a competitive advantage 
to those plants and cyanobacteria that like the Azolla - Anabaena symbiosis, 
are able to fix N2 from the atmosphere to meet their demand.  
Azolla is only able to utilize dissolved inorganic P from the surface 
water of which the concentration may actually become very low due to 
Azolla proliferation. In ecosystems where external eutrophication is 
relatively low, Azolla growth may become limited by the release of P from 
the sediment. In open waters this often is too slow to meet its requirements, 
but the presence of a dense Azolla cover will significantly lower the surface 
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water oxygen concentrations, which in turn may enhance P release from the 
sediment due to the microbial reduction of iron (Fe) and the concomitant 
dissociation of Fe-P bounds. In ecosystems where sediments are loaded 
with P, and the risk of internal eutrophication is high, Azolla may become 
very abundant, especially in shallow water bodies where there is relatively 
little dilution of the P that’s being mobilized.  
When environmental conditions are near optimal, Azolla may 
vegetatively double its biomass in two to three days and form thick mats. 
Although other floating plant species such as Lemna, Pistia, Salvinia, 
Trapa, Wolffia and submerged species such as Cerathophyllum, Ludwigia, 
Neptunia and Polygonum sometimes co-occur, Azolla usually causes 
significant biodiversity loss as at very high densities they outcompete 
heterospecific for light and nutrients and reduce oxygen concentrations in 
the surface water thereby also negatively affecting the underwater fauna. 
Although Azolla stands are often unwanted in natural waters because 
they reduce aquatic biodiversity, the genus is welcomed for its applications 
as a green fertilizer in paddy fields as it is usually rich in N and P. 
Furthermore, it is widely being applied as a phytoremediation tool for 
contaminated surface waters and waste waters, for the production of bio-
gas, as animal food, and as a mean to reduce the reproductive success of 
mosquitos. It is mainly in the context of these valuable applications that the 
species has been globally distributed by man. 
 
Azolla in ecosystem services related to future climate change 
Although A. filiculoides is considered a noxious weed in many areas 
worldwide as it generally causes significant biodiversity loss, there are 
several initiatives emerging in which the species is being used for the 
mitigation of CO2 emissions and for soil remediation. The latter application 
mostly aims at the remediation of former agricultural lands that are 
intended for wetland development, for water storage areas, or for 
paludiculture. Especially the rewetting of (agricultural) peatlands offers 
climate change mitigation by preventing peat decomposition by oxidation, 
which also prevents a further soil subsidence, and possibly by the 
restoration of carbon storage due to new peat formation. Former 
agricultural lands are generally extremely loaded with P due to intensive 
fertilisation. Inundation of these lands often leads to massive P mobilization 
from the soil. The remediation of agricultural lands and peatlands by means 
of water retention and Azolla harvesting may not only provide a sustainable 
solution to eutrophication problems, but also provide a sustainable way to 
re-use P as a response to the decreasing world phosphorus stocks. In 
addition, Azolla stands may prevent an increase in mosquito plagues and 
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cyanobacterial blooms, both of which are often associated with water 
storage on former arable lands. Therefore, rather than only stressing 
possible negative aspects of Azolla in relation to climate change, also novel 
promising opportunities for the controlled use of this resilient, fast-growing 
aquatic genus (genius) should be considered. 
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Wat is Azolla? 
Azolla, ofwel kroosvaren, is een kleine drijvende zoetwater varen lijkend 
op eendenkroos. De soort komt wereldwijd voor in gematigde, subtropische 
en tropische gebieden. Azolla is vooral bekend vanwege zijn symbiose met 
de stikstof fixerende (N2) cyanobacterie Anabaena azollae welke, leeft in 
de bladholtes van de plant. In ruil voor suikers is de Anabaena in staat 
tegemoet te komen aan de totale stikstof (N) behoefte van de associatie.  
 
Het voorkomen van Azolla gedurende het Eoceen viel samen met een 
klimaatsverandering 
Fossiele sporen van Azolla worden al sinds lange tijd gevonden in 
sedimenten van zoetwatersystemen die zo oud zijn als het midden Krijt 
(~100 miljoen jaar oud). In 2004 werden echter voor het eerst sporen van 
de plant gevonden in zout water systemen in mariene sedimenten.  Deze 
sedimenten (ACEX kernen) werden midden op de Noordpool verzameld 
door een internationale groep van wetenschappers (Integrated Ocean 
Drilling Program (IODP)) gedurende een gezamenlijke expeditie. De 
sporen werden gevonden in lagen van het sediment welke afkomstig bleken 
uit het midden Eoceen (~48.5 miljoen jaar oud). Veel van de megasporen 
(eicellen van varens) hadden microsporen (spermacellen van varens) aan 
hun oppervlakte vastzitten waaruit duidelijk werd dat Azolla ten tijde van 
het Eoceen zowel groeide in de Arctische Oceaan als daar ook 
reproduceerde. De hoeveelheid aan fossiele sporen van Azolla in de 
sediment kernen bleken ongekend hoog en te fluctueren met fysische 
parameters zoals sediment dichtheid en de totale hoeveelheid organische 
stof in het sediment. Aantallen van 50 000 tot 300 000 sporen per gram 
droog sediment demonstreerden hoe uitbundig de groei van Azolla in het 
Arctische gebied moet zijn geweest.  
 
Door de geschiedenis van de aarde heen hebben atmosferische 
koolstofdioxide (CO2) concentraties gefluctueerd waarbij broeikas klimaten 
gepaard gingen met hoge CO2 concentraties en ijstijden met lage CO2 
concentraties. Het is onder andere op basis van deze waarneming dat 
atmosferische CO2 concentraties vaak als sturend worden gezien voor 
globale veranderingen in klimaat. Analyses aan de ACEX sediment kernen 
lieten zien dat gedurende het midden Eoceen atmosferische CO2 
concentraties zo hoog waren als 2000 ppm, wat 5 keer zoveel is dan de 
huidige concentratie. Echter, lieten deze analyses ook zien dat gedurende 
het voorkomen van Azolla op de Noordpool de atmosferische CO2 
concentraties afnamen en werden aanwijzingen gevonden dat het klimaat 
op het punt stond te veranderen van super broeikas naar ijstijd. Omdat uit 
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analyses van de ACEX sedimenten was gebleken dat de groei van Azolla in 
de Arctische Oceaan enorm moest zijn geweest werd de hypothese 
geformuleerd dat zijn groei gedurende het Eoceen bijgedragen zou hebben 
aan de klimaatsverandering door als afvoer te fungeren voor atmosferisch 
CO2 waarbij dit bij de groei van de plant werd opgenomen, terwijl dit bij 
het afsterven van de plant langdurig zou worden opgeslagen op de zoute en 
zuurstofloze bodem van de diepe Arctische Oceaan. 
 
Dit proefschrift is onderdeel van het resultaat van een multidisciplinair 
onderzoeksprogramma. Het overkoepelende doel van dit zogenoemde 
Darwin Azolla project was om informatie te vergaren over de potentiële rol 
van Azolla als veranderende kracht in globale nutriënten cycli, en of en hoe 
die rol, in combinatie met de geologische en oceanografische evolutie van 
de Noordelijke IJszee, instrumentaal kan zijn geweest in de 
klimaatverandering tijdens het Eoceen van broeikas naar ijstijd. Dit 
proefschrift gaat in op het ecologisch en biogeochemisch functioneren van 
Azolla bij milieuomstandigheden zoals deze worden veronderstelt te hebben 
bestaan tijdens het midden Eoceen en beschrijft de resultaten van actuo-
biologisch experimenteel onderzoek naar de eco-fysiologische 
randvoorwaarden die Azolla filiculoides aan zijn omgeving stelt. A. 
filiculoides komt in Nederland voor en is daarmee aangepast aan een 
gematigd klimaat.  
 
De hoge Noordelijke IJszee ten tijde van het Eoceen 
Gedurende het Eoceen kende de hoge Arctische regio uitgesproken 
seizoenswisselingen, wat behalve met obliquiteit cycli, waarschijnlijk ook 
samenhing met de afwisselende perioden van continue zonlicht, schemer, 
en duisternis gedurende het jaar. Obliquiteit cycli beschrijven de 
hellingshoek van de aarde ten opzichte van de zon en oefenen 
dientengevolge in hoge mate invloed uit op de intensiviteit van de 
seizoenen. Atmosferische CO2 concentraties waren zeer hoog en zorgden 
voor een warm en vochtig broeikas klimaat met een zeer intensieve 
hydrologische cyclus waarbij er op het noordelijk halfrond veel neerslag 
viel en het aantal droge dagen was beperkt. De oppervlaktewateren van de 
Noordelijke IJszee waren over het algemeen dan ook brak tijdens het Azolla 
interval, maar met episodische veranderingen in zoutgehalten en 
gelaagdheid (stratificatie) vergelijkbaar met een estuariene circulatie. De 
sporen aantallen van Azolla die in de ACEX sedimenten werden 
aangetroffen bleken met deze episodische veranderingen in zoutgehalten te 
co-variëren, waarbij de hoogste aantallen werden gevonden op momenten 
dat de zoutgehalten in het oppervlaktewater van de Noordelijke IJszee 
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relatief het laagst waren. Het is zeer waarschijnlijk dat doordat de Arctische 
Oceaan ten tijde van het Eoceen relatief geïsoleerd lag, de grote 
hoeveelheden regen en aanvoer van zoetwater via grote rivieren in hoge 
mate hebben bijgedragen aan de verzoeting van het oppervlaktewater. Het 
feit het diepe water in het Arctische bekken zout bleef kan worden 
geïnterpreteerd als bewijs voor (semi-) permanente (ondiepe) watergang 
verbindingen met andere oceanen. Tijdens het midden Eoceen werd het 
diepe water in het Arctische bekken echter regelmatig zuurstofloos en 
verdween de circulatie in de diepere waterlagen soms volledig, 
waarschijnlijk als gevolg van combinaties van plaattectoniek waarbij de 
Noordelijke IJszee soms volledig geïsoleerd werd.  
 
Azolla en Saliniteit 
Azolla groeide ten tijde van het Eoceen niet alleen in de Noordelijke 
IJszee, maar ook in andere noordelijke zeeën zoals bijvoorbeeld de 
Noordzee. In totaal werden 5 verschillende soorten gevonden bij boringen 
in en rondom het Arctische gebied, te weten A. arctica, A.  jutlandica, A. 
nova, A. nuda en A. astroborealis. Uit het feit dat Azolla sporen aantallen 
sterk bleken te variëren met de mate van stratificatie zou geconcludeerd 
kunnen worden dat de voorgestelde zoet water lens, boven op de meer 
zoute diepe waterlagen, een voorwaarde was voor de massale groei van 
deze Azolla soorten op het noordelijk halfrond. Het feit dat Azolla sporen 
niet volledig uit de sedimenten verdwijnen wijst er echter op dat de soort 
een zekere mate van zouttolerantie gehad moet hebben. Op basis van de 
zouttolerantie van hedendaagse Azolla soorten (ongeveer variërend tussen 
2.5‰ en 13‰), en de plasticiteit daarin, is het waarschijnlijk dat 
voorouderlijke Azolla soorten ook een zekere mate van zouttolerantie 
bezaten. Zouttolerantie wordt in sommige planten gefaciliteerd door 
accumulatie van aminozuren omdat deze de osmotische balans in het plant 
weefsel kunnen herstellen. Hoewel onderzoek aantoonde dat aminozuren 
een meer betrouwbare indicatie geven voor de mate van zout stress in A. 
filiculoides dan de groeisnelheid, het vochtgehalte of de nutriënten 
concentraties in de planten, bleken zij geen rol te spelen als adaptief 
mechanisme. A. filiculoides bleek zout zelfs in zekere mate te accumuleren 
waarbij het de functie overnam van kalium in de plant. Bovendien, werd de 
groei en overleving van A. filiculoides in relatie tot zout stress vooral 
bepaald door de functionaliteit van haar wortels. Hoge externe zoutgehaltes 
van ≥ 9‰ zorgden ervoor dat A. filiculoides haar wortels afstootte. Hoewel 
dit een verdere accumulatie van zout ionen in het plant weefsel voorkwam, 
had het negatieve gevolgen voor de opname van water en nutriënten 
waardoor de planten uiteindelijk alsnog dood gingen. Rondom het 
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omslagpunt van wel of geen zout stress (zoutgehalte van ≥7‰) was A. 
filiculoides in staat om met regelmaat haar wortels weer te laten groeien.  
Een dergelijk mechanisme van afwerpen en terug groeien van wortels 
zou het voor Azolla mogelijk kunnen maken om plotselinge veranderingen 
in zoutgehalten te overleven. Bovendien toonde verder onderzoek aan dat in 
brak water de aanwezigheid van een Azolla dek kan zorgen voor een 
aanzienlijke verzoeting van de bovenste waterlaag (micro-halocline 
(overgang zoet/zout) op ongeveer 5-7 cm) doordat het dek de invloed van 
de wind op het mengen van waterlagen verminderd en doordat de Azolla 
regenwater invangt tussen haar biomassa. Het is waarschijnlijk dat de 
aanwezigheid van A. arctica in Noordelijke IJszee tijdens het Eoceen een 
vergelijkbaar effect had op een verdere verzoeting van het oppervlakte 
water dichtbij de kust, terwijl het in combinatie met het mechanisme van 
afwerpen en terug groeien van wortels tevens de verspreiding naar de open 
oceaan gefaciliteerd zou kunnen hebben waarbij het voor Azolla mogelijk 
was om eerst haar eigen zoetwatermilieu te genereren voordat ze haar 
wortels weer terug groeide.  
 
Azolla en nutriëntenbeschikbaarheid 
De invloed van meer zout water in het Arctische bekken kwam pas     
100 000 – 150 000 jaar na het verdwijnen van Azolla (~48.5 miljoen jaar 
geleden) uit Noordelijke IJszee in plaats van direct bij het verdwijnen van 
Azolla (~48.6 miljoen jaar geleden). Dit kan erop duiden dat de groei van 
Azolla in het Eoceen Arctische bekken en in aangrenzende noordelijke 
zeeën niet uitsluitend afhankelijk was van de aanwezigheid van zoetwater. 
Voor huidige Azolla soorten is de aanwezigheid van voldoende nutriënten 
een sterke voorspellende variabele voor de aanwezigheid van Azolla. Wil 
de groei van Azolla in het Eoceen dan ook werkelijk zo omvangrijk zijn 
geweest als wordt verondersteld, dan moet de Azolla in noordelijke zeeën 
toegang hebben gehad tot een voortdurende toevoer van voedingsstoffen. 
 
Het is zeer waarschijnlijk dat Azolla ten tijde van het Eoceen ook al in 
symbiose leefde met N2 fixerende cyanobacteriën en het is daarom 
aannemelijk dat de groei van Azolla in het Arctische bekken vooral werd 
bepaald door de beschikbaarheid van fosfaat (P). In de Eoceen Arctische 
Oceaan zal de beschikbaarheid van P vooral zijn bepaald door de mate 
waarin dit vrij kwam uit de bodem van de diepe oceaan en werd aangevoerd 
met water vanaf het land. Omdat het Arctische bekken sterk gestratificeerd 
was, is het onwaarschijnlijk dat het P dat vrijkwam uit het sediment van de 
diepe oceaan de Azolla aan het wateroppervlak kon bereiken omdat de 
stratificatie hoogst waarschijnlijk een chemische barrière vormde. Dit 
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suggereert dat de groei van A. arctica grotendeels afhankelijk was van het P 
dat vrijkwam uit ondiepe sedimenten langs de kust en van het P dat werd 
aangevoerd met het water via de grote rivieren.   
 
Vorming van micro-haloclines in brak water maakte expansie van Azolla 
vanaf de kust naar de open oceaan mogelijk  
Al eerder werd duidelijk dat vorming van micro-haloclines het voor A. 
arctica mogelijk gemaakt zouden kunnen hebben om zout stress te 
vermijden. Bovendien zouden micro-haloclines bijgedragen kunnen hebben 
aan een efficiënte recycling van nutriënten. Uit onderzoek bleek dat het P 
wat vrijkomt bij de afbraak van dode planten resten in een Azolla dek door 
de aanwezigheid van een micro-halocline niet kan uitzakken naar diepere 
waterlagen. Bovendien bleek deze discontinuïteit tussen de verschillende 
waterlagen ook te gelden voor de zuurstofconcentraties in het water. Omdat 
bij lage zuurstof concentraties nutriënten zoals P, maar ook zoals ijzer (Fe) 
en molybdeen (Mo), veel beter oplossen, kan de vorming van micro-
haloclines in hoge mate hebben bijgedragen aan het beschikbaar houden 
van nutriënten voor Azolla. Als zodanig, kan de formatie van micro-
haloclines in het Eoceen Arctische bekken in het onderhoud van de 
aanwezige biomassa hebben kunnen voorzien terwijl alle additionele 
aanvoer van nutriënten via het water afkomstig van land voor een 
daadwerkelijke expansie van de biomassa gezorgd zou kunnen hebben 
waarbij de Azolla zich steeds verder over de Arctische Oceaan kon 
verspreiden. De formatie van micro-halocline zou als zodanig dus de 
omvang van het Eoceen Azolla fenomeen kunnen verklaren. Tevens zou het 
verklaren waarom in de ACEX sedimenten er geen andere plantresten van 
Azolla werden gevonden en waarom de ophoping van organisch materiaal 
op de bodem van de oceaan eigenlijk relatief laag was ten opzichte van de 
hoeveelheid sporen. De afhankelijkheid van A. arctica van de aanvoer van P 
via rivieren en van ondiepe sedimenten langs de kusten maakt het daarnaast 
waarschijnlijk dat het verdwijnen van Azolla uit het Arctische bekken het 
gevolg was van veranderingen in de aanvoer van P.  
 
Effecten van atmosferische CO2 concentraties, T en PAR op de groei van 
Azolla 
Tijdens het midden Eoceen bedroegen de atmosferische CO2 
concentraties zo’n 200 ppm. Voor hedendaagse Azolla soorten is 
aangetoond dat CO2 bemesting de groei aanzienlijk bevorderd, al moet 
hierbij wel worden opgemerkt dat de groei respons ook wordt beïnvloed 
door effecten van temperaturen (T) en licht intensiteit (PAR), vooral 
wanneer de variaties hierin buiten de tolerantie van de soort vallen. Hoge T 
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en hoge PAR blijken de N2 fixerende capaciteit van de cyanobacterie in 
Azolla in hoge mate te remmen waardoor de beschikbaarheid van N voor de 
symbiose aanzienlijk achteruit gaat en er een groeiremming optreed. Dit, 
terwijl de beschikbaarheid van nutriënten juist belangrijker wordt door het 
groei stimulerende effect van hoge CO2 concentraties. Dit geldt vooral 
wanneer de planten alle ruimte hebben om te groeien. Wanneer dit niet het 
geval is kan ‘crowding’ Azolla juist helpen om ongunstige zomer condities 
te overleven, omdat er dan minder verdunning is van voedingsstoffen in het 
plant weefsel, de dichtheid van de planten bijdraagt aan een lokale 
verlaging van T en PAR en de competitie met externe blauwalgen wordt 
tegengegaan. Echter zal in een situatie waar de Azolla dichtheid te hoog is 
het maximale groei potentieel van de plant nooit gehaald worden. Op basis 
van deze gegevens en op basis van wat er bekend is over de 
omstandigheden in het Arctische gebied gedurende het Eoceen is het erg 
waarschijnlijk dat de hoge atmosferische CO2 concentraties hebben 
bijgedragen aan de destijds zeer omvangrijke groei van de soort.  
 
De rol van Azolla in de klimaatsverandering tijdens het Eoceen 
Het voorkomen van Azolla in het midden Eoceen Arctische bekken viel 
samen met een klimaatverandering richting een ijstijd. Bij de groei van 
Azolla wordt CO2 in het plantmateriaal vastgelegd. Ten tijde van het 
Eoceen zou dit bijgedragen kunnen hebben aan de verlaging van 
atmosferische CO2 concentraties. De combinatie van de hoge productiviteit 
van Azolla in het oppervlakte water en de opslag van dode Azolla resten in 
de diepe zoute en zuurstofloze oceaan, zou de Noordelijke IJszee uitermate 
geschikt hebben gemaakt als afvoer van atmosferisch CO2.  
Berekeningen aan het Eoceen Azolla fenomeen hebben laten zien dat de 
massale groei, in combinatie met de opslag van dood organisch materiaal 
op de oceaan bodem, goed zouden zijn voor een opslag van 0.9 1018 – 3.5 
1018 gram koolstof. Dit komt overeen met een verlaging van atmosferische 
CO2 concentraties van 55 tot 470 ppm CO2. Hieruit kan worden 
geconcludeerd dat wanneer Azolla inderdaad met een dergelijke omvang in 
het Eoceen Arctische bekken heeft gegroeid, dit een significant effect op 
het klimaat kan hebben gehad. Te meer omdat in deze berekeningen niet 
eens rekening is gehouden met het feit dat ook in andere noordelijke 
ijszeeën gelijktijdig met A. arctica nog vier andere Azolla soorten groeiden.  
 
Azolla in relatie tot toekomstige klimaatsveranderingen 
Vergelijkbaar met het midden Eoceen wordt geschat dat afhankelijk van 
bevolkingsgroei en economische ontwikkelingen de atmosferische CO2 
concentratie richting het einde van deze eeuw naar 550 tot 970 ppm  
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gestegen zal zijn. Drijvende planten zoals Azolla zullen hier naar alle 
waarschijnlijkheid van profiteren en steeds vroeger in het jaar dominant 
worden en dit ook blijven tot in het late najaar, met zeer negatieve gevolgen 
voor de biodiversiteit. Dit zal echter alleen het geval zijn in oppervlakte 
wateren die zeer voedselrijk zijn. Daarom moet de aanwezigheid van Azolla 
ook allereerst worden beschouwd als een symptoom van een slechte 
waterkwaliteit en niet, zoals nu vaak het geval is, als een probleem waarbij 
soorten door klimaatverandering meer invasief worden. 
 
Azolla als indicator van een slechte waterkwaliteit 
A. filiculoides is de meest noordelijk voorkomende Azolla soort. In 
Nederland komt de plant al sinds 1880 voor. Eerst alleen in het Westland 
waar onder invloed van het zeeklimaat de plant beter kon overleven tijdens 
het koude seizoen. Echter door klimaatsverandering breidt A. filiculoides 
zich sinds jaren steeds verder ook naar het oosten van ons land uit. A. 
filiculoides wordt in Nederland vooral waargenomen gedurende de herfst, 
al zijn er grote verschillen in haar verspreiding van jaar tot jaar wat 
waarschijnlijk ook samenhangt met jaarlijkse variaties in temperatuur en 
het aantal bewolkte dagen.  
A. filiculoides is vooral te vinden in sloten langs weilanden en akkers 
welke relatief rijk zijn aan nutriënten, vooral P. In systemen met een 
overschot aan P is N meestal limiterend voor planten groei, wat soorten 
zoals Azolla en blauwalgen, die in staat zijn atmosferisch N2 te betrekken, 
een competitief voordeel geeft ten opzichte van andere plant soorten. Azolla 
is alleen in staat om het P te gebruiken dat opgelost zit in het water. De 
concentraties P in het water kunnen door veelvuldige groei van Azolla 
bijzonder laag worden. Wanneer in een ecosysteem relatief weinig P met 
het water wordt aangevoerd wordt Azolla in toenemende mate afhankelijk 
van het P wat vrij komt uit de onderwaterbodem. In open wateren is de 
mobilisatie van P vanuit de bodem naar de waterlaag meestal beperkt, 
echter kunnen door de aanwezigheid van Azolla zuurstofloze 
omstandigheden ontstaat onder het Azolla dek. Deze zuurstofloze 
omstandigheden dragen er op hun beurt aan bij dat P makkelijker uit de 
onderwaterbodem wordt gemobiliseerd omdat ze de microbiële omzetting 
van ijzer (Fe)-P verbindingen stimuleert. In ecosystemen waarvan de 
onderwaterbodem verzadigd is met dit soort Fe–P verbindingen, en het 
risico op dergelijke interne eutrofiëring hoog is, kan Azolla zeer abundant 
worden, vooral in ondiep systemen omdat hier ook nog eens relatief weinig 
verdunning optreedt van het gemobiliseerde P in de waterlaag.  
Als de groei omstandigheden voor Azolla optimaal zijn is de soort in 
staat om in 2 tot 3 dagen zijn biomassa te verdubbelen. Hoewel Azolla soms 
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samen voorkomst met andere drijvende plant soorten als Lemna, Pistia, 
Salvinia, Trapa, Wolffia of ondergedoken soorten als Cerathophyllum, 
Ludwigia, Neptunia of Polygonum, leidt de aanwezigheid van Azolla 
meestal tot een verlies aan biodiversiteit omdat in hoge dichtheden de soort 
sterk concurreert om licht en nutriënten en hierbij de onderwaterwereld 
verstikt.  
Hoewel Azolla dus meestal een niet graag geziene soort is in natuurlijke 
ecosystemen wordt de plant vanwege zijn eigenschappen, waaronder het 
feit dat de plant meestal rijk is aan N en P, wel veelvuldig toegepast in 
gecontroleerde systemen. Azolla wordt al sinds jaar en dag gebruikt in 
Aziatische rijstvelden als bio-mest, als instrument om afval water en/of 
oppervlakte water meet te zuiveren, als veevoer, als bron voor productie 
van bio-gas en als middel om muggenplagen mee tegen te gaan. Het is dan 
ook tegen het licht van deze waardevolle toepassingen dat Azolla soorten zo 
wereldwijds verspreid zijn door mensen.  
 
De rol van Azolla in ecosysteemdiensten 
De laatste jaren ontstaan er initiatieven waarbij onderzocht wordt of 
Azolla kan worden ingezet voor CO2 mitigatie en/of voor het schonen van 
voormalige landbouwgronden die worden herbestemd als natte natuur 
parels of als waterbergingsgebieden. Vooral in het veenweide gebied in het 
westen van Nederland zou hervernatting van voormalige landbouwgebieden 
enorm kunnen bijdragen aan mitigatie van effecten van 
klimaatsverandering omdat daarmee een verdere afbraak van het veen 
onder invloed van zuurstof en een verdere daling van het land ten opzichte 
van zeeniveau kan worden voorkomen, terwijl in de vorming van nieuw 
veen CO2 langdurig kan worden opgeslagen. Voormalige landbouwgronden 
bevatten vaak een enorme nalatenschap aan P door jarenlange intensieve 
bemesting. Bij vernatting van deze landen treedt vaak spontaan mobilisatie 
van P op vanuit de onderwaterbodem naar de waterlaag wat de 
ontwikkeling van natuurdoeltypen vaak in de weg staat. 
Het verbouwen en oogsten van Azolla op deze landen zou niet alleen een 
oplossing bieden aan de eutrofiëringsproblematiek als gevolg van inundatie, 
maar zou ook tegemoet kunnen komen aan de P schaarste die wereldwijd 
dreigt te ontstaan. Vooral wanneer de geoogste Azolla hierbij zou worden 
ingezet als bio-mest of als veevoer. Tot slot zou het verbouwen van Azolla 
in dergelijke gebieden kunnen voorkomen dat een muggenplagen ontstaan 
of explosieve groei van blauwalgen optreedt, wat veelvoorkomende 
problemen zijn bij waterberging op voormalige landbouwgronden. Dus, in 
plaats van alleen de mogelijk negatieve aspecten van Azolla te 
benadrukken, zouden ook de veelbelovende mogelijkheden voor het 
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gecontroleerde gebruik van dit veerkrachtig, snel groeiend aquatische 
(wel)varentje eens overwogen kunnen worden.  
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